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The  proceedings  volumes  I  and  11  comprised  the  papers  that  were  accepted  for  presentation  at 
the  Eighth  International  Symposium  on  Applications  of  Laser  Techniques  to 
Fluids  Mechanics,  which  was  held  at  The  Calouste  Gulbenkian  in  Lisbon,  during  the  period 
of  July  8  to  1 1,  1996.  The  prime  objective  of  this  Eighth  Symposium  is  to  provide  a  forum  for 
the  presentation  of  the  most  advanced  research  on  laser  techniques  for  flow  measurements,  and 
reveal  significant  results  to  fluid  mechanics.  The  applications  of  laser  techniques  to  scientific 
and  engineering  fluid  flow  research  is  emphasised,  but  contributions  to  the  theory  and  practice 
of  laser  methods  are  also  considered  where  they  facilitate  new  improved  fluid  mechanic 
research.  Attention  is  focused  on  laser-Doppler  anemometry,  particle  sizing  and  other  methods 
for  the  measurement  of  velocity  and  scalars,  such  as  particle  image  velocimetry  and  laser 
induced  fluorescence. 

The  papers  comprising  the  formal  record  of  the  meeting  were  selected  following  high  standard 
reviews,  by  members  of  the  Advisory  Committee,  from  approximately  300  extended  abstracts 
submitted  for  presentation  at  this  meeting. 

Volume  I  comprises  the  papers  to  be  presented  during  the  first  and  second  Days  of  the 
Symposium,  namely  July  8  and  9,  while  Volume  II  includes  the  papers  of  the  following  days, 
Wednesday,  July  10,  and  Thursday,  July  II. 

We  would  like  to  take  this  opportunity  to  thank  those  who  assisted  us.  The  assistance  provided 
by  the  Advisory  Committee  is  highly  appreciated.  We  are  highly  indebted  for  the  financial 
support  provided  by  the  Sponsoring  Organisations  that  made  this  Symposium  possible.  Many 
thanks  are  also  due  to  the  Secretariat  of  the  Symposium,  Graqa  Pereira,  Carlos  Carvalho, 
Anabela  Almeida,  Luisa  Martins  and  Ana  Nunes. 


THE  ORGANIZING  COMMITTEE 


Eighth  International  Symposium  on 
Applications  of  Laser  Techniques  to  Fluid  Mechanics 


ORGANIZING  COMMITTEE 


•  Ronald  J.  Adrian 

Department  of  Theoretical  and  Applied  Mechanics 
University  of  Illinois  at  Urbana  -  Champaign 
Urbana,  Illinois  61801 
USA 

•  Diamantino  F.  G.  Durao 

Department  of  Mechanical  Engineering 

Institute  Superior  Tecnico 

Av.  Rovisco  Pais 

1096  Lisboa  Codex 

PORTUGAL 

•  Franz  Durst 

Lehrstuhl  fiir  Strdmungsmechanik 
Erlangen  Universitat  -  Nurenberg 
EgerlandstraBe  13 
D-8520  Erlangen 
GERMANY 

•  Manuel  V.  Heitor 

Department  of  Mechanical  Engineering 

Institute  Superior  Tecnico 

Av.  Rovisco  Pais 

1096  Lisboa  Codex 

PORTUGAL 

•  Masanobu  Maeda 

Department  of  Mechanical  Engineering 

Keio  University 

1-14-1  Hioshi,  Kohuku 

Yokohama  223 

JAPAN 

•  James  H.  Whitelaw 

Imperial  College  of  Science,  Technology  and  Medicine 

Department  of  Mechanical  Engineering 

Exhibition  Road 

London  SW7  2BX 

England,  United  Kingdom 


II 


Eighth  International  Symposium  on 
Applications  of  Laser  Techniques  to  Fluid  Mechanics 


ADVISORY  COMMITTEE 


R.  A.  Antonia 

C.  Arcoumanis 
W.  D.  Bachalo 

A.  Boutier 

C.  H.  CAspersen 
A.  Coghe 

W.  J.  A.  Dahm 

D.  Dopheide 

H.  Eickhoff 
M.  Escudier 

A.  F.  Falcao 

L.  Fingerson 

M.  Gharib 
G.  Gouesbet 

I.  Grant 

J.  A.  C.  Humphrey 

D.  A.  Jackson 

R.  Karlsson 

K.  Ishida 

J.  Kompenhans 

L.  Lading 

B.  Lehmann 
A.  Leipertz 
A.  Melling 


W.  Merzkirch 

J.  F.  Meyers 
R.  H.  Miles 

E.  A.  Muller 
T.  Nakajima 
N.  Nakatani 
A.  Naqwi 

K.  Ohba 
T.  Obokata 
J.  C.  Pereira 
H.  J.  Pfeifer 

F.  Pinho 

M.  L.  Riethmiiller 

D.  Rockwell 

X.  Shen 

R.  L.  Simpson 
R.  N.  Syred 
A.  M.  K.  P.  Taylor 

E.  P.  Tomasini 

C.  Tropea 

J.  T.  Turner 
J.  E.  S.  Venart 
P.  O.  Witze 

G.  Wigley 
M.  Yanneskis 


Eighth  International  Symposium  on 
Applications  of  Laser  Techniques  to  Fluid  Mechanics 


SPONSORING  ORGANISATIONS 


•  Caixa  Geral  de  Depositos 

•  DHL 

•  Direcgao  Geral  de  Turismo 

•  European  Commission 

•  European  Research  Office: 

United  States  Army, 

Navy  and  Air  Force  Departments 

•  Calouste  Gulbenkian  Foundation 

•  FLAD,  Portuguese- American  Foundation  for  the  Development 

•  1ST  -  Instituto  Superior  Tecnico 

•  ITEC/CRAPS 

Centro  de  Robotica,  Automapao  e  Processamento  de  Sinai 

•  JNICT  -  Junta  Nacional  de  Investigagao  Cientifica  e  Tecnologica 
(Portuguese  Research  Council) 

•  TAP,  Air  Portugal 


Eighth  International  Symposium  on 
Applications  of  Laser  Techniques  to  Fluid  Mechanics 


LOCAL  SECRETARIAT 


Graga  Pereira 
Carlos  Carvalho 
Anabela  Almeida 
Luisa  Martins 
Ana  Paula  Nunes 

Instituto  Superior  Tecnico 

Departamento  de  Engenharia  Mecanica 

Pavilhao  de  Mestrados 

Av.  Rovisco  Pais,  1096  Lisboa  Codex 

Portugal 

Telephone:  (351  1)  841  73  79 

Fax:  (351  1)  849  61  56 

mheitor@tercomb.  ist.utl.pt 


EMail: 


Eighth  International  Symposium  on 
Applications  of  Laser  Techniques  to  Fluid  Mechanics 


LIST  OF  CONTENTS 


VOLUME  I  (SESSION  1-20) 

Session  1.  PLENARY  SESSION 

1.1.  Effects  of  Centrebody  Rotation  on  Laminar  Flow  Through  an  Eccentric  Annulus 

M.P.  Escudier  and  I.  W.  Gouldson 

1.2.  Molecular  Tagging  Diagnostics  for  the  Study  of  Kinematics  and  Mixing  in  Liquid 

Phase  Flows  _  ,  .  ,  ^ 

M.  M.  Koochesfahani,  R.K.  Cohn,  C.P.  Gendnch  and  D.G.  Nocera 

1  3  Two-dimensional  Laser  Diagnostics  For  Sooting  Flames 

S.  Schrami,  S.  Will,  D.  Hofmann,  K.-U.  Miinch  and  A.  Leipertz 

SESSION  2.  2  PHASE  FLOWS  INSTRUMENTATION  I 

2.1.  A  Device  For  Phase  Shift  Measurement  in  an  Advanced  Phase  Doppler  V elocimeter 

J.  Evenstad,  A.  Naqwi  and  R.  Menon 

2.2.  Optimization  of  the  Shape  of  Receiving  Aperture  in  a  Phase  Doppler  System 

A.  Naqwi 

2.3.  A  Novel  Architecture  for  Real-Time  Phase  Measurement 

K. M.  Ibrahim  and  W.D.  Bachalo 

2  4  The  Influence  of  Flame  on  Phase  Doppler  Anemometry 

S.  Tsushima,  F.  Akamatsu,  M.  Katsuki,  Y.  Mizutani  and  Y.-D.  Cho 

2.5.  Determination  of  Effective  Measurment  Area  in  a  Conventional  Phase-Doppler 
Anemometry 

T.  Maeda,  H.  Morikita,  K.  Hishida  and  M.  Maeda 

2  6  Measurement  Uncertainties  of  Phase  Doppler  Technique  Due  T o  Effect  of  Slit 

Location,  Control  Volume  Size  and  Flame  Front  Presence  (in  Application  for 
Combusting  Spray) 

Y.  Ikeda,  T.  Hirohata  and  T.  Nakajima 


VI 


Eighth  International  Symposium  on 
Applications  of  Laser  Techniques  to  Fluid  Mechanics 


Session  3.  Combustion  I 

3.1.  Investigations  of  Turbulent  Jet  Diffusion  Flames  by  Spontaneous  Raman  Scattering 
and  Laser-Induced  Fluorescence 

W.  Meier,  A.  Vyrodov,  V.  Bergmann,  U.  Meier  and  W.  Strieker 

3.2.  Quantitative  LIF  and  Rayleigh  Measurements  of  Temperature  and  Absolute 
Concentration  of  OH  Radical  in  Strained  Diffusion  Flames 

T.  Croonenbroek,  Th.  Daguse,  N.  Darabiha  and  J.C.  Rolon 

3.3.  Application  of  PIV  to  Turbulent  Reacting  Flows 

L.  Muniz,  R.E.  Martinez  and  M.G.  Mungal 

3.4.  Velocity  Measurements  in  Highly  Turbulent  Premixed  Flames  by  a  PIV  Measurement 
System 

N.  Paone,  G.M.  Revel  and  E.  Nino 

3.5.  Flame  Surface  Density  Measurements  in  Turbulent  Premixed  Combustion 

C.  Martel,  J.  Piana,  V.  Liard,  N.  Darabiha  and  D.  Veynante 

3.6.  Whole-Field  Measurements  on  an  Excited  Premixed  Flame  Using  On-Line  PIV 

H.  Shen,  L.  Lourenco,  A.  Krothapalli  and  P.  Strykowski 


Session  4.  3D-1maging  Velocimetry 

4.1.  Dual-Plane  Correlation  for  Three-Dimensional  Particle  Image  Velocimetry  on  Planar 
Domains 

M.  Raffel,  C.  Willert,  A.  Derville,  O.  Ronneberger  and  J. 
Kompenhans 

4.2.  Spatial  Correlation  Analysis  for  3-D  Scanning  PIV :  Simulation  and  Application  of 
Dual-Color  Light-Sheet  Scanning 

Ch.  Briicker 

4.3.  Three  Dimensional  Velocity  Measurements  using  Hybrid  HPIV 

J.  Zhang,  B.  Tao  and  X  Katz 

4.4.  Improvements  of  Holographic  Particle  Image  Velocimetry  (HPIV)  by  Light-in-Flight 
Holography 

M.  Bohmer,  H.  Hinrichs,  K.D.  Hinsch  and  J.  Kickstein 

4.5.  Scalar  Imaging  Velocimetry  Measurements  of  the  Velocity  Gradient  Tensor  Field  in 
Turbulent  Flows 

L.S.  Su  and  WJ.  Dahm  CANCELLED 

4.6.  Some  Statistical  Results  from  Concentration  and  Velocity  Field  Measurements  using 
Laser  Induced  Fluorescence  Tomography 

G.  J.  Merkel,  P.  Rys,  F.S.  Rys  and  T.A.  Dracos 


vn 


Eighth  International  Symposium  on 
Applications  of  Laser  Techniques  to  Fluid  Mechanics 


SESSION  5.  MANUFACTURER’S  TECHNICAL  PRESENTATION 


Session  6.  2-Phase  Flows  instrumentation  II 

6.1.  Characteristics  of  a  Miniaturized  Probe  Employing  the  Pulse  Displacement  Technique 
C.  F.  Hess 

6.2.  Determination  of  Submicronic  Particles  Size  by  Analysis  of  Light  Scattered  By  a  Gas 
Stream 

L.  Azizi,  P.  Herve  and  A.  Kleitz 

6.3.  Advantages  of  U V  Lasers  in  Laser  and  Phase  Doppler  Anemometers  for 
Submicrometer  Particles 

F.  Durst,  A.  Melling  and  P.  Volkholz 

6  4.  On  Particle  Flux  and  Concentration  Measurement  by  Shadow  Doppler  Velocimetry 

M.  Maeda,  H.  Morikita,  I.  Prassas,  A.M.K.P.  Taylor  and  J.H. 
Whitelaw 

6.5.  Scattering  of  a  Gaussian  Beam  by  an  Infinite  Cylinder:  Numerical  Results  in  GLMT- 
Framework 

K.F.  Ren,  G.  Gouesbet  and  G.  Grehan 

6.6.  Time  Domain  Single  Tone  Analysis  using  Quadrature  Algorithm 

V.  Strunck,  H.  Muller  and  D.  Dopheide 


Session  7.  Combustion  II 

7.1.  Turbulent  Propagation  Velocity  and  Mean  Reaction  Rates  of  Premixed  Turbulent 
Flames  in  Stagnation  Flows 

E.  Bourguignon,  Y.  Michou  and  I.  Gokalp 

7.2.  Combustion-Turbulence  Interaction  in  Stagnation  Flows 

F.I.E.  Doolaar  and  T.H.  van  der  Meer 


7.3 

7.4. 

7.5. 

7.6. 


On  the  Use  of  Laser  Rayleigh  Scattering  to  Study  the  Aerothermochemistry  of 
Recirculating  Premixed  Flames 

F.  Caldas,  D.  Duarte,  P.C.  Ferrao,  M.  V.  Heitor  and  C.  Poppe 


A  PrV  Investigation  in  an  Axisymetric  non  Premixed  Bluff  Body  Burner  Flame 

A.  Susset,  M.  Perrin,  D.  Jaffre,  C.  Gray  and  J.B.  Richon 

Methane  Concentration  by  MIE  Scattering  Imaging  Technique  in  Axisymmetric  Non- 
Premixed  Bluff  Body  Flames 

K.  Mokaddem,  J.C.  Rolon,  D.  Jaffre  and  M.  Perrin 


Non-Intrusive  Spectroscopic  Measurements  with  a  Tunable  Excimer  Laser  in  an 

Atmospheric  Combustor  with  Premixing  and  Prevaporization  ,  ^ 

R.  Lachner,  D.  Theisen,  H.  Kettl,  D.  Rist,  G.  Kappler  and  A.  Schmid 


Eighth  International  Symposium  on 
Applications  of  Laser  Techniques  to  Fluid  Mechanics 


Session  8.  Aerodynamic  Flows  and  Rotating  Machines  I 

8.1.  LDA-Investigations  on  Turbulent  Shear  Stress  in  full  Scale  Centrifugal  Pump 

M.  Lutz,  V.  Denk  and  A.  Delgado 

8.2.  Velocity  Measurement  in  the  Impeller  and  in  the  Volute  of  a  Centrifugal  Pump  by 
Particle  Image  Displacement  Velocimetry 

M.  Oldenburg  and  E.  Pap 

8.3.  Mean  and  Turbulent  Flow  Characteristics  of  Single  Hyperboloid  Impeller  Stirred 
Vessels 

F.M.  Piqueiro,  M.F.  Proen^a,  F.T.  Pinho  and  A.M.  Santos 

8.4.  Detailed  LDV-Measurements  for  Visualisation  of  the  Flow  Field  Within  a  Rushton- 
Turbine 

M.  Hofken,  Ml.  Schafer  and  F.  Durst 

8.5.  The  Decay  of  the  Trailing  Vortices  from  Impeller  Blades 

N. J.  Fentiman,  N.  A.  Borrett,  K.C.  Lee  and  M.  Yianneskis 

8.6.  Particle  Tracking  Velocimetry  Measurements  in  a  Radial  Pump  with  Particle  Pair 
Detection  using  the  HOUGH  Transform 

C.  Rothliibbers,  T.  Scheffler,  R.  Orglmeister  and  H.  Siekamann 


Session  9.  2-Phase  Flows  Instrumentation  ill 

9.1.  A  Single-Beam  Velocimeter  based  on  Rainbow-Interferometry 

J.P.A.J.  van  Beeck  and  M.L.  Riethmuller 

9.2.  Size  Insensitive  Rainbow  Refractometry :  Theoretical  Aspects 

N.  Roth,  K.  Anders  and  A.  Frohn 

9.3.  An  Advanced  Rainbow  Signal  Processor  for  Improved  Accuracy  in  Droplet 
Temperature  Measurements 

S.V.  Sankar,  D.M.  Robart  and  W.D.  Bachalo 

9 .4.  Investigations  on  Accuracy  and  Resolution  of  Refractive  Index  Measurements  with  an 
Extended  Phase-Doppler  Anemometer 

G.  Brenn,  C.  Tropea,  and  T.  -H.  Xu 

9.5.  Phase  Doppler  Particle  Sizing  with  Off-Axis  Angles  in  Alexander's  Darkband  -  A 
Promising  Approach  for  Complex  Technical  Spray  Systems 

M.  Willmann,  A.  Glahn  and  S.  Wittig 


Session  10.  Combustion  III 

10.1.  The  Development  of  Spark  Ignited  Turbulent  Flames 

R.  A.  Hicks,  M.  Lavres,  C.  G.  W.  Sheppard  and  R.  Woolley 

10.2.  Aerodynamic  Flow  Characterisation  of  a  Swirl  Burner 

B.  Poireault,  J.-M.  Most  and  J.  Imbach 


IX 


Eighth  International  Symposium  on 
Applications  of  Laser  Techniques  to  Fluid  Mechanics 


10.3.  Mixing  Processes  and  Combustion  of  a  Gas  Jet  Flame  Surrounded  by  a  Shroud  of 
Combustion  Air 

P.X.  Tran,  M.P.  Mathur  and  J.M.  Ekmann 

1 0  4  Visualisation  of  Coherent  Structures  in  a  Highly  Turbulent  Swirling  Flame 

W.  Pick,  A.  J.  Griffiths  and  T.  O'Doherty 

10.5  Size-Classified  Droplet  Dynamics  of  Combusting  Spray  in  0.1  MW  Oil  Furnace 

N.  Kawahara,  Y.  Ikeda,  T.  Hirohata  and  T.  Nakajima 

Session  11.  Doppler  Global  Velocimetry  and  Interferometry 

11.1.  Evolution  of  Doppler  Global  Velocimetry  Data  Processing 
J.  Meyers 

11.2.  Doppler  Global  Velocimetry  in  the  Flow  of  a  S  wirier 

I.  Roehle  and  R.  Schodl 

11.3.  Development  of  Doppler  Global  Velocimetry  for  Turbomachinery  Applications 

H.  D.  Ford  and  R.P.  Tatam 

1 1 .4.  An  Improvement  in  Doppler  Global  Velocimetry;  The  Use  of  a  CW  Dye  Laser 

B.  Leporcq,  J.  F.  Le  Roy,  B.  Pinchemel  and  C.  Dufour 

11.5  Combined  Techniques  of  Holo^aphic  Interferometry  and  Particle  Track  Laser  Sheet  to 

Study  Flame  Spread  Over  Liquids  _ 

G.  Tashtoush,  A.  Narumi,  A.  Ito,  K.  Saito  and  C.  Cremers 

Session  12.  2-Phase  Flows  instrumentation  IV 

12.1.  Usage  of  the  Spatial  Filter  Method  for  Measurements  of  Local  Particle  Velocities  in 
Circulating  Fluidized  Beds 

O.  Fiedler,  N.  Labahn,  J.  Kumpart,  K.  Christofori 

12.2.  Frequency  Response  of  Solid  Particles  in  Oscillating  Flows 

G.  Tedeschi  and  R.K.  Menon 

12.3.  Size  and  Velocity  Measurements  in  a  Two-Phase  Flow  using  Stereoscopic  Particle 
Image  Velocimetry 

V.  Palero  and  P.  Arroyo 

12.4.  Comparison  Between  Velocity  Measurements  by  LDV  Techniques  and  Double  Fiber 
Optic  Sensors  in  Two  Phase  Jets 

M.  Gasparetti,  G.L.  Rossi,  A.  Campi  and  R.  Onori 

12.5.  The  Locus  of  Centres  Method  for  LDA  and  PDA  Measurements 

Th.  Panidis  and  M.  Sommerfeld 

12.6.  A  Fourier  Optics  Method  for  the  Simulation  of  Measurement-V olume-Effect  by  the  Slit 
Constraint 

H.  -H.  Qiu  and  C.T.  Hsu 


Eighth  International  Symposium  on 
Applications  of  Laser  Techniques  to  Fluid  Mechanics 


Session  13.  Engines  I 

13.1.  Spray  Characteristics  in  the  Manifold ,  Port  and  Cylinder  of  a  Four- Valve  Spark- 
Ignition  Engine 

B.  Cousyn,  F.  Neveu,  M.  Posylkin,  D.  S.  Whitelaw  and  J.H. 
Whitelaw 

13.2.  Turbulent  Flow  Field  Characteristics  in  a  Reciprocating  Engine:  Appropriate  Cut-off 
Frequencies  for  Cycle-resolved  Turbulence,  an  Analysis  of  Co-incident  3D  LDV  Data 
Based  on  Combustion-related  Dimensional-arguments 

P.  Dimopoulos,  K.  Boulouchos  and  G.  Valentino 

13.3.  LIF  Visualization  of  Liquid  Fuel  in  the  Cylinder  of  a  Spark  Ignition  Engine 

P.  O.  Witze  and  R.  M.  Green 

13.4.  Investigation  of  the  Stmcture  of  Injection  Sprays  in  Diesel  Engines  by  Means  of  a 
Light-Scattering  Technique 

K.  Prescher,  A.  Astachow,  G.  Kruger,  J.  HenBe  and  D.  Potz 

13.5.  Characterization  of  Spray  Flows  under  High  Fuel  Temperature  using  Phase  Doppler 
Anemometer 

T.  Obokata,  T.  Ishima,  T.  Koyama,  K.  Uehara,  K.  Kobayashi  and  M. 
Tukagoshi 

13.6.  Spray  Formation  and  Dispersion  of  Size-Classified  Fuel  Droplet  of  Air-Assist  Injector 

Y.  Ikeda,  T.  Nakajima  and  N.  Kurihara 


Session  14.  Aerodynamic  Flows  and  Rotating  Machines  tl 

14.1.  Near  Wake  L.  V.  Investigation  on  Hovering  Rotor  Blades 

J.  Ramos,  M.  Mba,  D.  Favier  and  E.  Berton 

14.2.  The  Application  of  Laser  Anemometry  to  Eddy  Capture  in  a  Propeller  Inflow 

J.M.  Harden  and  M.V.  Lowson 

14.3.  Measurement  of  Vortical  Stractures  on  a  Helicopter  Rotor  Model  in  a  Wind  Tunnel  bv 
LDV  and  PIV 

M.  Raffel,  U.  Seelhorst  and  K.A.  Biitefisch 

1 4.4.  Three  Component  LDA  Study  of  the  Flow  Field  Surrounding  the  Helicopter  Landing 
Pad  of  a  Frigate 

C.  Swales,  J.  Rickards,  M.  Crompton,  N.  Terry  and  G.  Breeze 

14.5.  V ortex  Investigation  on  a  Retreating  Helicopter  Blade  with  3D  Laser  Velocimetrv  in 
DNW 

A.  Boutier,  J.  Lefevre  and  F.  Micheli 

14.6.  Secondary  Flow  in  Axial  Flow  Fans  of  Non-Free  Vortex  Operation 

J.  Vad  and  F.  Bencze 


XI 


Eighth  International  Symposium  on 
Applications  of  Laser  Techniques  to  Fluid  Mechanics 


SESSION  15.  PARTICLES  &  MARKERS 

15.1.  Seeding  for  Laser  Velocimetry  in  Confined  Supersonic  Flows  .with  Shocks 

J.  Lepicovsky  and  R.J.  Bruckner 

15.2.  A  Repeatable  Laser-Generated  Localized  Perturbation  for  Application  to  Fluid 
J.  D.  Schmisseur,  S.  P.  Schneider,  T.R.  Salyer  and  S.H.  Collicot 

1 5  3  Observations  of  Fluid  Flow  Produced  in  a  Closed  Cylinder  by  a  Rotating  Lid  using 

the  PHANTOMM  (Photo-Activated  Non  Intrusive  Tracking  of  Molecular  Motion) 

Flow  Tagging  Technique 

S.  R.  Harris,  R.B.  Miles  and  W.R.  Lempert 

15  4  Quantitative  Velocity  Measurements  in  Turbulent  Taylor-Couette  Flow  by 
PHANTOMM  Flow  Tagging  ,  .  r  o  •* 

M.  Biage,  S.R.  Harris,  W.R.  Lempert  and  A.J.  Smits 

15.5.  Measurements  of  Velocity  and  Temperature  In  Turbulent  Flow  using  Laser 
Photothermal  Effect  with  the  New  Interferometers 

N.  Nakatani,  Oshio  and  T.  Sakabe 


SESSION  16.  Engines  ll 

16.1.  Evaluation  of  Time  and  Spatial  Turbulence  Scales  in  a  D.I.  Diesel  Engine 
M.  Auriemma,  F.E.  Corcione,  R.  Macchioni  and  G.  Valentino 

16.2.  Characteristics  of  Steady  Flows  through  the  Inlet  Ports  of  Multi-Valve  Engines 

Z.  Mahmood  and  M.  Yianneskis 

16.3.  Steady  Flow  Characteristics  through  the  Intake  Valves  of  a  FORD  Four- Valve 
Cylinder  Head 

C.  Arcoumanis,  B.  French  and  J.M.  Noun 

16.4.  Laser  Doppler  Measurements  of  the  Instantaneous  Volume  Flow  Rate  in  Periodically 
Operating  Systems 

D.  Trimis,  M.  Weclas  and  F.  Durst 


Session  17.  Wall  Flows  I 

17.1.  A  Study  of  Streaky  Structures  in  a  Turbulent  Channel  Flow  With  Particle  Image 
Velocimetry 

Z.  -C.  Liu,  R.  Adrian  and  T.J.  Hanratty 

17.2.  Spanwise  Vorticity  Measurements  in  a  Turbulent  Boundary  Layer  using  LDV 

C.L.  Gan,  L.  Djenidi  and  R.A.  Antonia 

17  3  An  LDA  Study  of  Longitudinal  Vortices  Embedded  in  a  Turbulent  Boundary  Layer 

H.-L-Zhang,  X.  Zhang  and  D.W.  Hurst 


XII 


Eighth  International  Symposium  on 
Applications  of  Laser  Techniques  to  Fluid  Mechanics 


17.4.  The  Differential  Speckle  Strophometiy  -  A  Light  Scattering  Technique  for  the 
Measurement  of  Velocity  Gradients  in  Turbulent  Fluid  Flow 

R.  Schulz  and  W.  Staude 


Session  18.  2  D  PIV  and  PTV 

18.1.  High-Speed  Digital  Video  Camera  Systems  and  Related  Software  for  Application  of 
PIV  in  Wind  Tunnel  Flows 

C.  Willert,  B.  Stasicki,  M.  Raffel  and  J.  Kompenhans 

18.2.  High  Resolution  Digital  Two-Color  PIV  (D2CPIV)  and  its  Application  to  High  Free 
Stream  Turbulent  Flows 

S.  P.  Gogineni,  D.D.  Trump,  L.  P.  Goss,  R.B.  Rivir  and  D.J.  Pestian 

18.3.  Measurement  of  Turbulent  Boundary  Layer  using  Stereoscopic  Particle  Image 
Velocimetry 

W.T.  Lai  and  Z.-C.  Liu 

1 8 .4.  Fibre  Optic  PIV  Studies  in  an  Industrial  Combustor 

D.  J.  Anderson,  C.A.  Created,  J.D.C.  Jones,  G.  Nimmo  and  S. 
Wiseall 

18.5.  Measurement  of  Vortical  Flows  in  a  Low  Speed  Wind  Tunnel  using  Particle  Image 
Velocimetry 

J.N.  Stewart,  Q.  Wang,  R.P.  Moseley,  P.  W.  Bearman  and  J.K. 
Harvey 

18.6.  PIV,  LDA  and  CTA:  Conunon  Features  and  Differences 

D.R.  McCluskey,  F.E.  Jorgensen  and  P.  Gjelstrup 


Session  19.  Flows  With  Rotation 

19.1.  Combined  Application  of  Particle  Image  Velocimetry  (PIV)  and  Laser  Doppler 
Anemometry  (LDA)  to  Swirling  Flows  under  Compression 

J.  Volkert,  C.  Tropea,  R.  Domann,  W.  Hiibner  and  1.  Lengyel 

19.2.  A  Laser-Doppler  of  Cooling  and  Swirling  in  a  Research  Combustor 

P.Anacleto,  M.V.  Heitor  and  A.L.N.  Moreira 

19.3.  Interaction  of  Swirling  Flows  from  Two  Adjacent  Coal  Burners 

A.  Aroussi,  S.  Tarr  and  S.J.  Pickering 

1 9 .4.  The  Turbulent  3D  Flow  Field  in  a  Rotating  Annular  Flume 

V.  Spork,  A.  Cuppers  and  J.  Kdngeter 

19.5.  A  Study  of  the  Flows  in  a  TORE®  Slurry  Transportation  Unit 

M.G.  Faram,  N.  Syred,  and  T.O'Doherty 

19.6.  LDA  Measurements  of  Axial  and  Tangential  Velocity  Components  in  a  DMS 
Cylindrical  Cyclone 

B.  Chine,  F.  Concha  and  G.  Ferrara 


XIII 


Eighth  International  Symposium  on 
Applications  of  Laser  Techniques  to  Fluid  Mechanics 


Session  20.  Sprays 

20. 1 .  Comparative  Mass  Flux  Measurements  in  Sprays  using  Pattemator  and  Phase  Doppler 

Anemometers  „  .  .  . 

K.  Dullenkopf,  M.  Willmann,  S.  Wittig,  F.  Schone,  M.  Stieglmeier,  C. 

Tropea  and  Chr.  Mundo 

20 . 2 .  Spray  Visualization  and  Phase  Doppler  Anemometry  Measurements  of  Charged 
Hydrocarbon  Sprays 

J.S.  Shrimpton,  A.J.  Yule  and  A.P.  Watkins 

20.3.  Characterization  of  a  Pulsed  Fuel  Injector 

E.  Haile,  F.  Lacas,  D.  Veynante  and  D.  Durox 

20.4.  Application  of  Extended  Phase-Doppler  Anemometry  in  Liquid-Gas  Atomization 

J.  Domnick,  J  .  Raimann  and  G.  Wolf 

20.5.  Control  of  Droplet  Atomisation  in  an  ‘Air-Assist’  Atomizer 

A.K.  Gupta,  R.  Aftel,  C.  Cook  and  C.  Presser 

20.6.  Dual-Mode  PDA  Measurements  in  Large  Twin-Fluid  Atomizers 

J.  Domnick,  F.  Durst,  S.  Gerstner  and  U.  Weiss 


VOLUME  II  (SESSION  21-40) 


Session  21.  PIV  and  PTV  Signal  Processing  I 

21.1  Sparse  Array  Image  Correlation 

D.  P.  Hart 

21.2.  Young’s  Fringes  Analysis  by  Neural  Networks 

F.  Carosone  and  A.  Cenedese 

21.3.  Double  Image  Two-Phase  Flow  PIV 

J.I.  Garcia-Palacin  and  M.G.  Mungal 

21.4.  Quantitative  Flow  Visualization  of  Velocity  Distributions  by  Parallel  Image  Processing 
using  PPH  (Photo-Conductor  Plastic  Hologram) 

P.M.F.  Kato,  I.  Shimizu,  Y.  Shibata,  T.  Isago  and  H.  Taki 

21.5.  Simultaneous  Multiple  Pixel  Processing  Algorithms  for  PTV  and  PIV 

T.  Uemura,  M.  Yoshimoto  and  M.  Tatumi 


Session  22.  Engines  III 

22 . 1 .  LDA-Measurements  of  the  Coolant  Flow  of  a  Highly  Complex  Reciprocating  Engine 

J.  Reuber  and  E.  Bliimcke 


XIV 


Eighth  International  Symposium  on 
Applications  of  Laser  Techniques  to  Fluid  Mechanics 


22.2.  Measurement  of  Axial  Flow  Velocity  in  a  Cylinder  of  an  S.I.  Engine  by  a  Single- 
Incidence-Beam  Reference-Mode  LDA 

C.  Takeda,  Y.  Ohta,  T.  Ishima,  K.  Ishii  and  T.  Obokata 

22.3.  PrV  Measurements  and  Characterisation  of  In-Cylinder  Flows  in  Combustion  Engines 

M.R.  Heikal,  M.  Faure  and  N.S.  Jackson 

22.4.  A  Novel  Diode  PTV  System  for  the  Investigation  of  Intake  Flows  in  I.C.  Engines 
C.  Freek,  A.  Wiiste  and  W.  Hentschel 

22.5.  A  Study  on  the  Speed  Dependence  of  the  Intake  Flow  of  a  Motored  Four  -  Stroke 
Engine,  using  Laser  -  Doppler  Velocimetry 

M.  Socoliuc  and  M.  Brun 


Session  23.  Stratified  Flows 

23.1.  Investigation  of  Turbulent  Penetrative  Convection 

V.  Troy  and  R.  Adrian 

23 .2.  PIV-Measurements  in  a  Separated  Flow  Bounded  by  a  Free  Surface 

G.  Janke  and  L.P.  Bernal  CANCELLED 

23.3.  Application  of  DPIV  to  the  Experimental  Investigation  of  a  Spilling  Water  Wave 

D.  Dabiri  and  M.  Gharib  CANCELLED 

23 .4.  LDV-Measurements  on  Thermal  Convective  Instabilities  in  Spherical  Gap  Flow 

C.  Egbers,  W.  Beyer  and  H.  Rath 

23.5.  Mixing  in  Gravity  Current  Heads  Flowing  over  Rough  Surfaces 

W. D.  Peters,  J.E.S.  Venart  and  S.R.  Cogswell 


Session  24.  Scalar  Measurements 

24.1.  Single-Shot  Spectrally  Resolved  UV  Rayleigh  Scattering  Measurements  in  High  Speed 
Flow 

R.  G.  Seasholtz 

24.2.  Measurement  of  the  Transient  Three-Dimensional  Density  Distribution  using 
Photoconductor-Plastic 

K.  Ikeda,  K.  Okamoto,  F.  Kato  and  I.  Shimizu 

24 . 3 .  LIF  Investigation  of  the  Flow  Pressure  Chemical  Vapor  Deposition  (LPCVD)  Using 
Cul  as  Precursor 

R.  Kail,  A.  Moller,  V.  Till,  G.  Wortberg,  G.  Adomeit 

24.4.  Degenerate  Four-Wave  Mixing  Investigations  of  Boundary  Layer  Chemistry  in  a 
Thermal  Plasma  CVD  System 

T.  Owano,  E.  H.  Wahl,  and  C.  Kruger 


Eighth  International  Symposium  on 
Applications  of  Laser  Techniques  to  Fluid  Mechanics 


24.5.  UV  Laser  Diagnostics  of  Compressible  Flows  _ 

M.  Rodenburg,  N.  Dam,  P.M.  Huisman-Kleinherenbrink  and  J.J.  ter 

Meulen 

24.6.  Temperature  Measurement  of  3-D  Thermal  Flow  Fields  using  .Color  Image  Processing 

I.  Kimura  and  M.  Ozawa 

Session  25.  Liquid  Films 

25.1.  Droplet  Concentration  and  Velocity  Fields  in  Spark-Ignition  Engines 

C.  Arcoumanis,  D.S.  Whitelaw  and  J.H.  Whitelaw 

25 .2.  Velocity  Profiles  in  Shear-Driven  Liquid  Films:  LDV-Measurements 

S.  Wittig,  A.  Elsasser,  W.  Samenfink,  J.  Ebner  and  K.  Dullenkopf 

25  3  Internal  Transport  Mechanisms  of  Shear-Driven  Liquid  Films 

J.  Ebner,  W.  Samenfink,  A.  ElsaBer,  S.  Wittig,  and  K.  Dullenkopf 

25 .4.  Microscopic  Super  Laminar  Flow  Measurements  in  a  Journal  Bearing  using  a  2D 
Solid-State  LDA 

E.B.  Li,  A.K.  Tieu  and  M.R.  MacKenzie 

25.5.  Applications  of  Low  Coherence  Interferometry  to  Dynamic  Oil  Film  Thickness 

S.  R.  Taplin,  A.  Gh.  Podoleanu,  D.  J.  Webb,  D.  A.  Jackson  and  S.  R. 
Nattrass 

25.6.  Experimental  Analysis  by  Laser  Extinction  of  the  Evolution  of  the  Liquid  Crown 
Produced  by  the  Splash  of  a  Drop  on  Thin  Liquid  Film 

A.  Coghe  and  G.E.  Cossali 

Session  26.  Complex  flows  I 

26.1.  Phase-Shifted  Two-Camera  DPIV  For  the  Study  of  Row  Past  Artificial  Heart  V alves 

Ch.  Briicker 

26.2.  LDV  Measurement  in  a  Full  Scale  Passenger-Car-Cabin 

P.  Castellini,  M.  Gasparetti  and  N.  Paone 

26.3 .  A  Comparison  Between  LDA  Measurements  and  Numerical  Simulations  for  a  Flow  in 
a  Tridimensional  Cavity 

E.  Ovalle  and  A.  Barrientos 

26.4.  LDV  Measurements  of  the  Flow  Around  a  Fence  in  a  Three-Dimensionally  Stretched 
Channel 

J.M.M.  Sousa,  N.  Garcia  and  J.C.F.  Pereira 

26.5.  Velocity  Field  Characteristics  of  Multiple  Jets  Impinging  on  a  Hat  Plate 

A.  Bernard  and  J.L.  Bousgarbies 

26.6.  Three-Component  Laser-Doppler  Measurements  of  the  Confined  Model  Flow  behind  a 
Swirl  Nozzle 

B.  Lehmann,  C.  Hassa  and  J.  Helbig 


XVI 


Eighth  International  Symposium  on 
Applications  of  Laser  Techniques  to  Fluid  Mechanics 


Session  27.  PIV  &  PTV  Signal  Processing  il 

27.1.  Temporal  Mapping  of  the  Spring  Model  for  Particle  Image  Velocimetry 

K.  Okamoto,  M.  Koiumi,  H.  Madarame  and  Y.  A.  Hassan 

27.2.  Subpixel  Interpolation  and  Filters  for  PIV 

A.  Host-Madsen,  A.H.  Nielsen  and  M.  R.  Schmidt  CANCELLED 

27.3.  Error  Detection  in  the  Analysis  of  PTV  Images  using  Proper  Orthogonal 
Decomposition 

A.  Cenedese,  M.  Miozzi  and  G.P.  Romano 

27 .4.  Tackling  the  Problem  of  Trajectory  Occlusion  in  Multi-Frame  PIV  (PTV)  Using  a 
Neural  Network  Method 

X.  Pan  and  I.  Grant 


Session  28.  Aerodynamic  Flows  and  Rotating  Machines  III 

28.1.  Experimental  Aspects  of  PIV  Measurements  of  Transonic  Flow  Fields  at  a  Trailing 
Edge  Model  of  a  Turbine  Blade 

M.  Raff  el,  F.  Kost,  C.  Willert  and  J.  Kompenhans 

28 .2.  3D  Fibre  Optic  Laser  Doppler  Velocimetry 

S.W.  James,  R.A.  Lockey,  D.A.  Egan,  R.P.  Tatam  and  R.L.  Elder 

28.3.  LD V  Investigation  of  the  Rotor-Stator  Aerodynamic  Interaction  in  a  Centrifugal 
Turbomachine 

M.  Ubaldi,  P.  Zunino,  A.  Ghiglione  and  G.  Barigozzi 

28.4.  Aeroacoustic  Measurements  on  an  Aerofoil 

C.  Swales,  E.C.  Nash,  and  M.V.  Lowson 


Session  29.  Wall  Flows  II 

29.1.  A  Check  of  Taylor's  Hypothesis  using  Two-Point  LDV  Measurements  in  a  Turbulent 
Boundary  Layer 

R.  Elavarasan,  L.  Djenidi  and  R.A.  Antonia 

29.2.  LDA  Measurements  of  Laminar-Turbulent  Transition  in  a  Flat-Plate  Boundary  Layer 

M.  Kruse  and  S.  Wagner 

29.3.  Measurement  of  Temporal  and  Spatial  Evolution  of  Transitional  Pipe  Flow  with  PIV 

A.A.  Draad  and  J.  Westerweel 

29.4.  Turbulent  Transport  Mechanism  in  a  Drag  Reducing  Flow  with  Surfactant  Additive 
Investigated  by  Two  Component  LDV 

Y.  Kawaguchi,  Y.  Tawaraya,  A.  Yabe,  K.  Hishida  and  M.  Maeda 


xvn 


Eighth  International  Symposium  on 
Applications  of  Laser  Techniques  to  Fluid  Mechanics 


Session  30.  Free  Flows  I 

30.1.  On  the  Relationship  Between  the  Formation  Number  and  Passive  Scalar  Pinch-Off  in 
Starting  Jets 

H.  Johari,  D.  Dabiri,  A.  Weigand  and  M.  Ghanb 

30.2.  Planar  Doppler  Velocimetry  in  Supersonic  Jets 

J.-H.  Kim,  P.  Clancy  and  M.  Samimy  CANCELLED 

30.3.  Large  Scale  Vortical  Structures  in  a  Turbulent  Coaxial  Jet 

A.  Talamelli,  G.  Buresti,  A,  Mordacci  and  G.  Tanzini 

30.4.  Simultaneous  Velocity  and  Concentration  Measurements  in  Confined  Coaxial  Jets 

M.M.C.L.  Lima,  J.M.L.M.  Palma  and  N.A.  Silva 

30.5.  Coupled  Multiple- Jets  Excitation 

U.  Vandsburger  and  S.  D.  LePera 


Session  31.  LDV  Signal  Processing 

31.1.  Development  of  a  PC-Based  Miniature  Signal  Processor  for  LDA  and  PDA 
Measurements 

M.  Zhongming  and  X.  Shen 

31.2.  Velocity  Doppler  Measurements  in  a  High  Speed  Water  Flow  using  a  Fabry-Perot 

Interferometer  _  „  ,  ^ 

B.  Leporcq,  J.  F.  Le  Roy,  B.  Pinchemel,  C.  Dufour  and  G.  Houssaye 

31.3.  New  Processing  Methods  for  LDA  Signals 

A.  Host-Madsen  and  P.Gjelstrup 

31.4.  Application  of  the  Wavelet  Transform  to  Laser-Doppler  Signal  Processors 

H.R.E.  van  Maanen  and  F.  J.  Nijenboer 

3 1  5  Development  of  a  Velocity  Profile  Monitor  in  an  Unsteady  Flow  by  Using 

Semiconductor  Laser  Velocimeter  with  FFT-based  Multi-Channel  Signal  Processing 

T.  Hachiga,  N.  Furuichi,  J.  Mimatsu,  K.  Hishida  and  M.  Kumada 


Session  32.  2- phase  flows  I 

32.1.  Particle  Dispersion  in  an  Acoustically  Excited  Round  Jet 

M.  V.  Heitor,  A.L.  N.  Moreira  and  R.  Hoffmann 

32.2.  Influence  of  Cavitation  on  the  Water  Flow  in  a  Pipe  with  a  sudden  Expansion 

G.  Wigley,  R.  Klasinc,  R.H.  Logar  and  T.  Dum 

32.3.  Eddy  Diffusivity  of  Liquid  Droplets  in  a  Vertical  Flow  of  Vapor  Produced  at  Boiling 
Liquid  Surface 

K  .  Ohtake,  T.  Miyata  and  F.  Ogino 


XVIII 


Eighth  International  Symposium  on 
Applications  of  Laser  Techniques  to  Fluid  Mechanics 


32.4.  Experimental  Study  of  Turbulent  Flow  with  Bubble  Injection  at  the  Wall 

T.  Tjiptahasdja,  C.  Gabillet,  C.  Colin,  J.  Boree  and  J.  Fabre 

32.5.  Experiments  on  Particulate  Turbulent  Jets 

J.A.  Garcia,  L.M.  Cerecedo,  J.I.  Garcia-Palacin  and  L.  A.  Aisa 


Session  33.  Flows  With  Unsteadiness 

33.1.  Measurements  of  Unsteady  Velocity  and  Heat  Transfer  for  Cylinders  in  Cross  Flow 

J.  W.  Scholten,  D.B.  Murray  and  J.A.  Fitzpatrick  ' 

33.2.  Measurements  of  Flow  around  T wo-Dimensional  Circular  Cylinder  Bundles  with  LD V 

K.  Tsunoda,  S.  Okamoto,  N.  Abe,  M.  Kijima  and  S.  Higashi 

33.3.  Turbulence  Scales  and  Spectra  in  Staggered  Tube  Bundle  Flows 

S.  Balabhani  and  M.  Yianneskis 

33.4.  Simultaneous  Flow  Velocity  and  Boundary  Pressure  Measurement  for  the 
Investigation  of  Flow-Induced  Multiple-Mode  Gate  Vibrations 

P.  Billeter  and  M.  Benesch  CANCELLED 

33.5.  Pulsatile  Flow  Behaviour  Near  Cardiac  Prostheses: 

Application  and  Limitation  of  Laser  and  MRI  Techniques 

F.  Hirt,  K.  Eisele,  Z.  Zhang,  E.  Jud,  R.  Botnar,  P.  Bosiger,  J.  Kepner 
And  T.  Baldwin 


Session  34.  Optics  1 

34.1.  Power  and  Sensitivity  Improvement  of  LDA-Systems  by  Fiber  Amplifiers 

H.  Tobben,  H.  Muller,  D.  Dopheide 

34.2.  T wo-Component  Directional  Laser  Doppler  Anemometer  based  on  a  Frequency 
Modulated  Nd:  YAG  Ring  Laser  and  Fiber  Delay  Lines 

J.W.  Czarske  and  H.  Muller 

34.3.  Fibre  Optical  Multicomponent  LDA-System  using  the  Optical  Frequency  Difference  of 
Powerful  DBR-Laser  Diodes 

H.  Muller,  H.  Wang  and  D.  Dopheide 

34.4.  Integrated  Laser  Doppler  Anemometer  Made  By  Ion-Exchange  in  Glass  Substrate 

P.L.  Auger,  A.  Cartellier,  P.  Benech  and  I.  S.  Dupont 

34.5.  Laser  Resonance  Anemometer  Optics 

N.  Kurihara  and  M.  Takamoto 


Session  35.  Free  Flows  ll 

35.1.  Two-Scale  Grid  Turbulence  Mixing 

M.  Gottero,  G.  luso  and  M.  Onorato 

35.2.  The  Effect  of  a  Single  Bubble  on  Turbulence  Stmcture  in  Grid  Turbulence  Flow  by 
Combined  Shadow-Image  and  PIV  Technique 

A.  Tokuhiro,  M.  Maekawa,  K.  Lizuka,  K.  Hishida  and  M.  Maeda 


XIX 


Eighth  International  Symposium  on 
Applications  of  Laser  Techniques  to  Fluid  Mechanics 


35.3.  The  Separation  of  Large-Scale  and  Small-Scale  Turbulence  in  a  Shallow  Mixing  Layer 

J.  Tukker  and  R.  Booij 

35.4.  Damping  of  a  Vortex  Ring  in  a  Stratified  Fluid 

T.  S.  Laursen,  JJ.  Rasmussen,  B.  Stenum  and  D.R.  McCluskey 

35.5.  Flow  of  Shear-Thinning  Fluids  around  a  Cylinder:  V ortex  Shedding  and  Drag 
Characteristics 

P.M.  Coelho,  F.T.  Pinho  and  A.H.  Rodrigues 

35.6.  Turbulent  Natural  Convection  around  a  Heated  Vertical  Slender  Cylinder 

J.  Persson  and  R.I.  Karlsson 


Session  36.  LDV  Data  Processing 

36.1.  Uncertainty  Estimates  for  any  Turbulence  Statistic 

L.H.  Benedict  and  R.D.  Gould 

36.2.  Refined  Reconstruction  Techniques  for  LDA  Data  Analysis 

H.  Nobach,  E.  Miiller  and  C.  Tropea 

36.3.  Analysis  of  Randomly  Sampled  Data  using  Fuzzy  and  Non-Linear  Techniques 

A.  Porporato  and  1.  Ridolfi 

36.4.  Estimation  of  the  Auto  Correlation  Function  of  Turbulent  Velocity  Flucmations  using 
the  Slotting  Technique  with  Local  Normalisation 

H.R.E.  van  Maanen  and  M.  Tummers 

36.5.  Minimizing  Errors  for  Cross  Spectral  Analysis  using  Laser  Doppler  Anemometry 
Measurements 

J.  Scholten,  S.  Dawson,  J.A.  Fitzpatrick  and  L.  Simon 

36.6.  Understanding  Biases  in  the  Near-Field  Region  of  Two-Point  Correlation 
Measurements  using  LDA 

L.H.  Benedict  and  R.D.  Gould 


SESSION  37.  COMPLEX  FLOWS  II 

37.1.  Use  of  the  Complementary  PIV  and  LDV  Techniques  to  Study  Industrial  Complex 
Flows 

C.  Cahen,  J.  Benard,  M.  Barcouda  and  F.  Hofmann 

37  2  LDA-Study  For  Modelling  Flows  through  Screens 

U.  Ullum,  J.P.  Frederiksen,  E.  Akoh,  N.F.  Nielsen  and  P.S.  Larsen 

37.3.  Filtration  of  Dirty  Gases  by  Ceramic  Candle  Filters 

A.  Aroussi,  K.  Simmons  and  S.J.  Pickering 

37.4.  The  Holographic  Determination  of  the  Particle  Dynamics  in  an  Electro-Hydrodynamic 
Flow-Field 

H.-J.  Schmid  and  H.  Umhauer 


Eighth  International  Symposium  on 
Applications  of  Laser  Techniques  to  Fluid  Mechanics 


37.5.  LD A  Experiments  on  a  Multiple  Split  Flow  at  90° 

G.  Baumer,  V.A.  Campos  and  J.C.F.  Teixeira 

37.6.  Pulsatile  Flow  Through  Tapered  U-Bends  as  Simulated  Aortic  Arch  (Velocity  Field 
Measurements  by  Laser-Induced  Fluorescence  Method) 

K.  Ohba,  A.  Sakurai,  S.  Ikedo,  T.  Urabe  and  K.  Sawa 


Session  38.  2-Phase  Flows  II 

38.1.  Application  of  Laser-Doppler  Anemometry  to  Flows  in  Liquid/Liquid  and 
Solid/Liquid-Extraction  Columns 

G.  Wigley,  C.  Weiss  and  R.  Marr 

38.2.  Insights  into  Grain  Entrainment  Using  Particle  Image  Velocimetry 

M.W.  Gallagher  and  I.K.  McEwan 

38.3.  Flow  and  Particle  Aerodynamic  Properties  in  Aerial  Dispersion  of  Pathogen  Spores 

A.  Rambert,  P.  Gougat  and  L.  Huber 

38.4.  An  Experimental  Study  of  the  Aerodynamic  Break-Up  of  Liquid  Drops  using  Laser 
Diffraction  Technique 

S.  H.  Zaidi  and  B.  J.  Azzopardi 

38.5.  Experimental  Investigation  and  Visualisation  of  Particle  Motion  in  a  Model  of  a  Beater 
Wheel  Mill  Model 

M.  Fount!,  Th.  Achimastos  and  D.A.  Dimopoulos 
Session  39.  Oscillating  Flows  and  Flames 

39.1.  Velocity,  Temperature  and  Pressure  Characteristics  of  Pulsed  Premixed  Hame 

E.C.  Fernandes  and  M  V.  Heitor 

39.2.  Measurement  of  the  Periodic  Flow  Instability  during  a  Self  Excited  Combustion 
Oscillation  by  LDV 

P.  Zangl,  J.  Hermann,  A.  Orthmann  and  D.  Vortmeyer 

39.3.  Characteristics  of  Oscillating  Control  Spray  for  the  Suppression  of  Low  Frequency 
Combustion  Instabilities 

E.  Lubarsky  and  Y.  Levy 

39.4.  Acoustic  Velocity  Measurements  by  Means  of  Laser  Doppler  Velocimetry 

Ph.  Herzog,  J.C.  Vallere,  V.  Valeau  and  G.  Tournois 


Session  40.  Optics  II 

40.1.  Evaluation  of  the  Gaussian  Beam  Model  for  the  Prediction  of  LDV  Fringe  Fields 

P.C.  Miles  and  P.O.  Witze 

40.2.  Miniaturizing  and  Ruggedising  Laser  Anemometers 

L.  Lading,  L.R.  Lindvold,  S.G.  Hanson,  H.  Imam  and  B.  Rose 


XXI 


Eighth  International  Symposium  on 
Applications  of  Laser  Techniques  to  Fluid  Mechanics 


40 . 3 .  Effects  of  Particle  Size  on  Reference  LDA  Scanning  Probe  for  Profile  Measurements 

V.  Strunck  and  D.  Dopheide 

40.4.  Development  of  Fiber  Optic  Laser  Doppler  Velocimeter  Sensor  for  Measurement  of 
Local  Blood  Velocity 

K.  Ohba  and  K.  Korenaga 

40 .5 .  Velocity  Distribution  using  a  Transmission  Grating 

T.  Nakajima  and  Y.  Ikeda 


AUTHORS’  INDEX 


SESSION  1 
Plenary  Session 


EFFECTS  OF  CENTREBODY  ROTATION  ON  LAMINAR  FLOW  THROUGH  AN  ECCENTRIC  ANNULUS 


M  P  Escudier  and  I  W  Gouldson 


Department  of  Mechanical  Engineering 
University  of  Liverpool,  P  O  Box  147 
Liverpool,  L69  3BX,  UK 


ABSTRACT 

The  work  discussed  here  is  part  of  a  programme  of 
research,  motivated  by  drilling  hydraulics,  in  which  the 
flow  of  both  Newtonian  and  non-Newtonian  liquids  is 
being  investigated  in  pipes  and  annuli.  The  present  results 
are  limited  to  laminar  flow  of  a  Newtonian  liquid  in  an 
eccentric  annulus  with  a)  an  imposed  bulk  flow  without 
centrebody  rotation  (axial  velocity  profiles),  b)  centrebody 
rotation  with  zero  bulk  flow  (tangential  velocity  profiles) 
and  c)  combined  bulk  flow  and  centrebody  rotation  (axial 
and  tangential  velocity  profiles).  The  measured  velocity 
profiles  are  in  excellent  agreement  with  available  theory. 
In  the  absence  of  an  imposed  bulk  flow,  the  critical  Taylor 
number  at  which  Taylor  vortices  appeared  in  the  eccentric 
aimulus  geometry  was  determined  by  monitoring  the  onset 
on  an  axial  velocity  in  the  widest  sector  of  the  annulus. 
Detailed  measurements  are  restricted  to  sub-critical  Taylor 
numbers. 

1.  INTRODUCTION 

Operational  constraints  often  limit  the  flow  of  a 
drilling  fluid  (mud)  in  the  annulus  (usually  eccentric) 
between  the  drillpipe  and  wellbore  wall  during  the  drilling 
of  oil  and  gas  wells  to  the  laminar  regime  (Ooms  and 
Kampman-Reinhaitz,  1995).  Such  flows  thus  represent  a 
relatively  rare  example  of  laminar  flows  with  major 
industrial  relevance.  The  riieology  of  a  drilling  mud  is 
generally  non-Newtonian  in  character;  almost  invariably 
shear  thinning,  and  often  exhibiting  viscoelastic  and 
thixotropic  properties  as  well  as  a  yield  stress.  The 
combination  of  a  fluid  exhibiting  all  of  these 
characteristics  and  an  eccentric  annulus  with  centrebody 
rotation  represents  a  flow  of  extraordinary  complexity,  the 
more  so  if  the  rotation  rate  exceeds  the  critical  condition 
at  which  Taylor  vortices  are  generated.  Various  elements 
of  the  flow  of  liquids  in  annular  geometries  are  being 
tackled  in  an  extensive  programme  of  research  at  the 
University  of  Liverpool,  motivated  by  wellbore  hydraulics. 
The  present  contribution  is  limited  to  fully  developed 
laminar  flow  of  a  Newtonian  liquid  in  an  annulus  of 
radius  ratio  0.506  with  an  offset  centrebody  rotated  at 
subcritical  speeds.  The  experimental  results  compare  well 
with  the  classical  analytical  expressions  for  flow  in  a 
concentric  aimulus  without  rotation,  for  circular  Couette 
flow  a  concentric  annulus  in  the  absence  of  an  imposed 


axial  flow,  and  with  the  recent  numerical  calculations  of 
Manglik  and  Fang  (1995)  for  axial  flow  in  an  eccentric 
annulus  without  rotation.  There  is  also  good  qualitative 
agreement  with  the  work  of  Bakhtiyarov  and  Siginer 
(1995)  on  the  flow  of  a  linear  fluidity  fluid  in  an  eccentric 
annulus  with  centrebody  rotation  but  zero  bulk  flow. 

2.  EXPERIMENTAL  CONDITIONS 

Measurements  were  performed  on  a  5.8  m  long  pipe 
consisting  of  six  modules  of  precision-bore  glass  tubing 
(100.4  mm  ID)  with  a  stainless  steel  centrebody  (50.8  mm 
OD)  providing  an  annulus  with  a  radius  ratio  k  =  0.506. 
The  glass  tubing  was  supported  on  linear  bearings  which 
permitted  the  geometry  to  be  eccentered  between  e  =  0 
and  8=1.  A  DC  motor  and  gearbox  allowed  the 
centrebody  to  be  rotated  at  speeds  of  up  to  126  rpm, 
monitored  by  an  optical  encoder  with  a  resolution  of  0.1 
rpm.  Bulk  flow  through  the  annulus  was  provided  by  a 
progressive  cavity  Mono  pump,  with  the  flowrate 
monitored  by  a  Fischer  and  Porter  electromagnetic 
flowmeter.  A  Dantec  fibreflow  LDA  system  with  a 
measuring  volume  length  in  water  of  0.19  mm  was  used 
to  measure  the  radial  variation  of  axial  and  tangential 
velocities.  Velocity  profiles  were  measured  in  the  four 
orthogonal  planes  shovm  in  Figure  1  (sectors  A-D)  for 
axial  velocities  with  and  without  rotation  and  tangential 
velocities  with  and  without  axial  flow.  The  test  fluid  used 
was  a  2.5:1  w/w  glucose-  water  mbcture  with  density  p  = 
1290  kg/m^  and  viscosity  p  =  0.125  N.s/m^  at  20‘’C.  The 
bulk  axial  velocity  was  nominally  0.22  m/s  and  the 
rotation  speed  78  rpm  which  corresponds  to  U/mR;  of 


Figure  1  Definition  of  eccentric  geometry  and 
circumferential  locations  at  which  velocity 
profiles  were  measured 


Table  1  Reynolds  and  Taylor  numbers 
for  individual  experiments 

1.06.  The  corresponding  bulk  flow  Reynolds  number  Re 
was  1 13,  the  Taylor  number  Ta  =  2900,  and  the  rotational 
Reynolds  number  Ro  =  54.  Table  1  gives  the  exact  values 
for  Re,  Ro,  Ta  and  U/coR|  for  individual  experiments. 

3.  EXPERIMENTAL  RESULTS 

3.1  Bulk  axial  flow  without  rotation 

The  integrity  of  the  measurements  is  evident  from  the 
agreement  of  the  velocity  profile  for  e  =  0  (Figure  2a) 
with  the  theoretical  profile 

-  =  ^n-(r/R„)^-(l-KXr/R„VZ>»K] 

U  ( 1  +K^)  +(1  -K^yinK 

That  even  slight  eccentricity  has  a  major  influence  on  the 
azimuthal  variation  of  the  axial  velocity  is  apparent  from 
Figure  2b  (e  =  0.2).  The  highest  velocities  occur  in  the 
widest  part  of  the  annulus  (A)  with  a  peak  velocity  twice 
the  bulk  average  and  30%  higher  than  for  the  concentric 
case.  The  velocities  in  the  narrowest  part  of  the  annulus 
(C)  are  correspondingly  reduced  -  essentially  the  source  of 
problems  in  the  cementrmud  displacement  process.  These 
results  for  e  =  0.2  are  in  good  agreement  with  the 
calculation  of  Manglik  and  Fang  (1995)  for  k  =  0.5  who 
=  2  for  sector  A  and  u^^^/U  =  0.92  for  sector 
C.  Slight  deviations  from  symmetry  are  evident  in  planes 
B  and  D,  attributable  to  minor  imperfections  in  the 
geometry,  but  the  profiles  are  little  changed  from  those  for 
E  =  0.  The  trends  of  Figure  2b  are  further  exaggerated 
for  E  =  0.5  (Figure  2c),  whilst  for  e  =  0.8  (Figure  2d)  the 
fluid  in  the  narrow  part  of  the  annulus  is  practically  at 
rest. 

Frictional  pressure  drop  data  represented  as  /.Re 
versus  e  (Figure  3)  are  in  reasonable  agreement  with  the 
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Figure  2  Influence  of  eccentricity  on  axial  velocity 
profiles  for  Ta  =  0,  Re  »  106.  Theoretical  curves  for 
E  >  0  from  Manglik  and  Fang  (1995) 
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Figure  3  Variation  of  /.Re  with  eccentricity; 

■  Ta  =  0,  •  Ta  «  2500 

numerical  calculations  of  Manglik  and  Fang  for  0  <  e  < 
0.6  and  also  with  the  earlier  work  of  Shah  and  London 
(1978)  which  extends  to  higher  values  of  e. 

3.2  Rotation  without  bulk  axial  flow 

The  variation  of  critical  Taylor  number  Ta^  with 
eccentricity  (Figure  5)  was  determined  by  monitoring  the 
onset  of  an  axial  velocity  in  sector  A  at  a  point  2/3  g  from 
the  outer  wall  (Figure  4).  The  results  are  in  fair 
agreement  with  the  numerical  calculations  of  Lockett 
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Figure  4  Influence  of  eccentricity  on 
Taylor  vortex  onset 


Figure  5  Dependence  of  critical  Taylor  number 
on  eccentricity 


(1992)  which  he  showed  are  well  represented  by 

Ih.  =  1  +  2.6185  E^  +  2.13  e'^  +  12.1  E*  (2) 

independent  of  k.  All  other  measurements  were  made  for 
Taylor  numbers  in  the  range  2430-3000,  well  below  the 
critical  value  for  any  eccentricity  since  Ta^,  «  4500. 

For  E  =  0  (Figure  6a)  the  agreement  with  the 
theoretical  profile  for  circular  Couette  flow 

w  R/r-K^r/Ri  (3) 

coRi  1  -K^ 

is  excellent.  The  effect  of  slight  eccentricity  (e  =  0.2, 
Figure  6b)  is  again  evident  with  increased  tangential 
velocities  in  the  narrow  side  (sector  C)  of  the  annulus  and 
decreases  in  the  other  three  sectors.  This  trend  is 
considerably  enhanced  for  e  =  0.5  (Figure  6c)  with 
evidence  of  a  counter-rotating  vortex  (w<0)  centred  40% 
from  the  outer  wall  in  the  wide  side  (sector  A)  of  the 
annulus.  The  reduced  velocity  on  the  surface  of  the  inner 
cylinder  in  sectors  B  and  D  is  a  consequence  of  the 
eccentric  geometry  -  the  orientation  of  the  LDA  system  is 
not  sensitive  to  the  radial  (with  respect  of  the  outer  wall) 
component  of  coRj.  The  trends  of  Figure  6c  continue  with 
increasing  eccentricity:  for  e  =  0.8  (Figure  6d)  a  counter 
rotating  kidney-shaped  vortex  has  penetrated  sectors  B  and 
D  and  a  clear  asymmetry  has  developed.  Although 
detailed  comparisons  are  difficult  to  make,  the  observed 
influence  of  eccentricity  is  in  complete  qualitative 
agreement  with  the  theoretical  calculations  of  San  Andreas 
and  Szeri  (1984)  and  also  with  the  observations  and 
calculations  of  Bakhtiyarov  and  Siginer  (1995). 

3.3  Combined  bulk  axial  flow  and  rotation 

For  all  eccentricities,  the  distributions  of  tangential 
velocity  (Figure  7)  for  the  situation  of  combined  bulk 
axial  flow  and  centrebody  rotation  reveal  only  slight 
quantitative  differences  compared  with  the  situation  for 
zero  bulk  axial  flow. 

In  contrast  to  the  tangential  velocities,  with  the 
exception  of  the  concentric  geometry,  the  axial  velocity 
distributions  (Figure  8)  are  markedly  different  from  their 
zero  rotation  counterparts.  This  is  particularly  the  case  for 
the  lowest  eccentricity  (e  =  0.2,  Figure  8b)  which  has  a 
very  significant  influence  on  the  axial  flow.  The 
symmetry  about  AC  is  replaced  by  an  apparent  AB/DC 
synunetry,  i.e.  symmetries  in  the  profile  shape  and 
magnitude  of  the  velocities  in  sectors  A  and  D,  and  B  and 
C.  The  overall  flow  distribution  is  closer  to  axisymmetric, 
with  a  reduction  of  about  15%  in  the  highest  velocities 
and  an  increase  of  30%  in  the  lowest  compared  with  the 
case  for  zero  rotation.  For  e  =  0.5  (Figure  8c)  and,  to  a 
lesser  degree,  for  e  ==  0.8  (Figure  8d)  the  influence  of 
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Figure  6  Influence  of  eccentricity  on  tangential  velocity 
profiles  for  Ta  «  2500,  Ro  «  52,  Re  =  0 


Figure  7  Influence  of  eccentricity  on  tangential  velocity 
profiles  for  Ta  »  2850,  Ro  «  56,  Re  »  110,  U/coRj  «  1 


Figure  8  Influence  of  eccentricity  on  axial  velocity 
profiles  for  Ta  *  2850,  Ro  »  56,  Re  110,  U/oRj  ~  1. 
Theoretical  curves  for  e  >  0  from 
Manglik  and  Fang  (1995) 


rotation  is  significant  but  less  dramatic  -  the  highest 
velocities  are  again  in  the  widest  part  of  the  annulus,  the 
lowest  in  the  narrowest,  and  the  peak  locations  are  shifted 
radially.  It  is  apparent  that  the  essential  influence  of 
rotation  is  to  move  fluid  of  high  axial  momentum  into 
regions  which,  in  its  absence,  were  momentum  deficient. 

The  influence  of  rotation  on  /.Re  (Figure  3)  is 
greatest  for  £  =  0.5  where  there  is  a  15%  increase 
compared  with  the  zero  rotation  case.  Significant  changes 
in  /.Re  were  to  be  anticipated  given  the  strong  effect  of 
rotation  on  the  axial  velocity  profiles.  The  laminar  flow 
situation  may  be  contrasted  with  turbulent  flow  where  the 
effect  of  rotation  on  both  the  axial  flow  and  /(Re)  is 
negligibly  small  (Escudier  and  Gouldson,  1995). 

4.  CONCLUSIONS 

In  the  absence  of  centrebody  rotation,  increasing 
eccentricity  results  in  progressive  departures  from 
axisymmetry  of  the  laminar  axial  flow  in  an  annulus  with 
K  =  0.506.  For  £  =  0.8  the  peak  velocity  in  the  widest 
part  of  the  annulus  is  50%  higher  than  for  a  concentric 
geomehy  whilst  there  is  practically  no  flow  through  the 
narrowest  section. 

Centrebody  rotation  at  sub-critical  Taylor  numbers,  in 
the  absence  of  a  bulk  throughflow,  generates  a 
radial/tangential  velocity  field  with  a  counter-rotating 
kidney  shaped  vortex  in  the  widest  part  of  the  annulus  for 
eccentricities  of  about  0.5  or  higher. 

Bulk  axial  flow  at  the  low  Reynolds  numbers 
investigated  here  (~  10^)  has  no  significant  influence  on 
the  radial/tangential  velocity  field  generated  by  centrebody 
rotation. 

At  all  eccentricities,  and  particularly  the  lowest  value 
investigated  (0.2),  centrebody  rotation  produces  a 
significant  reduction  in  the  azimuthal  variation  in  the  axial 
velocity  distributions. 
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6.  NOMENCLATURE  AND  DEFINITIONS 

d  mean  annular  gap  Ro-R;  (m) 

e  displacement  of  centrebody  axis  from  outer 

pipe  axis  (m) 

g  gap  width  (A,  B,  C  or  D) 

Rj  outer  radius  of  centrebody  (m) 

Rj,  irmer  radius  of  outer  tube  (m) 

Re  bulk  axial  Reynolds  number  2pUd/p 

Ro  rotational  Reynolds  number  paRi^/p 

Ta  Taylor  number  (pa/p)^Rjd^ 
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Ta^  critical  Taylor  number 

Ta„  value  of  Ta^  for  e  =  0 

u  axial  component  of  velocity  (m/s) 

peak  value  of  u  in  any  sector  of  the  annulus 
U  bulk  axial  velocity  (m/s) 

w  tangential  component  of  velocity  (m/s) 

y  distance  from  inner  wall  of  outer  tube  (m) 

£  eccentricity  e/d 

K  radius  ratio  Rj/Ro 

|i  fluid  dynamic  viscosity  (N.s/m^) 

^  non-dimensional  distance  from  outer  wall  y/g 

p  fluid  density  (kg/m^) 

0)  angular  velocity  of  centrebody  (rad/s) 
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ABSTRACT 

This  paper  reports  our  recent  developments  of 
novel  techniques  for  velocimetry  and  studies  of  the 
Lagrangian  evolution  of  mixing  interfaces  based  on 
molecular  tagging  ^proaches.  These  developments 
take  advantage  of  a  class  of  newly  engineered  phos¬ 
phorescent  supramolecules  that  are  water  soluble.  Pre¬ 
vious  implementations  using  photochromic  molecules 
and  caged  fluorescein  are  briefly  discussed  and  com¬ 
pared.  The  application  of  molecular  tagging  velocime¬ 
try  is  demonstrated  in  several  flow  fields  including 
examples  which  illustrate  its  unique  capability  in  flows 
with  significant  out-of-plane  motion,  and  its  potential 
for  simultaneous  passive  scalar  and  velocity  measure¬ 
ments. 


1.  INTRODUCTION 

The  capability  to  tag  a  portion  of  a  flow  non-intru- 
sively  and  observe  its  subsequent  evolution  offers  new 
possibilities  for  velocimetry  and  the  study  of  entrain¬ 
ment  and  mixing  in  fluid  flows.  Chemical  compounds 
with  long  luminescence  lifetimes  are  needed  for  this 
approach.  Current  laser  induced  fluorescence  (LIE) 
techniques  are  generally  not  suitable  for  this  purpose 
because  of  the  short  lifetime  of  the  fluorescence  pro¬ 
cess  (x  =  a  few  nanoseconds). 

The  majority  of  past  efforts  in  the  use  of  molecu¬ 
lar  tagging  have  concentrated  on  flow  velocimetry. 
Regardless  of  the  details  of  the  photophysics  in  each 
molecular  design,  all  of  these  efforts  can  be  character¬ 
ized  under  a  broader  common  heading  of  Molecular 
Tagging  Velocimetry  (MTV).  In  this  method  of 
velocimetry,  the  flowing  medium  is  premixed  with 
molecules  that  can  be  turned  into  long  lifetime  tracers 
upon  excitation  by  photons.  Typically  a  pulsed  laser  is 


used  to  “tag”  small  regions  of  interest.  The  tagged 
regions  are  imaged  at  two  successive  times  within  the 
lifetime  of  the  tracer.  The  measured  displacement  vec¬ 
tor  provides  the  estimate  of  the  velocity  vector. 

Past  implementations  of  MTV  in  liquid  phase 
flows  primarily  include  the  use  of  photochromic  mole¬ 
cules  (Popovich  &  Hummel  1967;  Falco  &  Chu  1987; 
Ojha,  et  al.  1989;  and  Chu  &  Liao  1992,  among  oth¬ 
ers),  caged  fluorescein  (Lempert,  eL  al.  1995;  Harris, 
et.  al.  1996),  and  specially  engineered  phosphorescent 
supramolecules  (Koochesfahani,  et.  al.  1993;  Stier, 
1994;  Gendrich,  et.  al.  1994;  Hill  &  Klewicki,  1995, 
Cohn,  et.  al.  1995,  and  Gendrich  &  Koochesfahani 
1996).  In  gas  phase  flows,  the  fluorescence  of  excited- 
state  oxygen  (Miles,  et  al.  1987;  1989;  1993)  and  the 
phosphorescence  of  biacetyl  (Hilbert  &  Falco  1991, 
Stier,  et.  al.  1995)  have  typically  been  utilized.  The 
review  by  Falco  &  Nocera  (1993)  discusses  some  of 
these  and  other  efforts  known  at  that  time. 

The  purpose  of  this  paper  is  to  give  a  brief  sum¬ 
mary  of  various  MTV  implementations  and  their 
chemical  mechanisms,  followed  by  our  recent  contri¬ 
butions  to  improve  and  extend  this  technique.  This 
includes  a  discussion  of  the  ideas  behind  the  design  of 
the  new  phosphorescent  complexes  and  our  approach 
to  imaging  and  tracking  the  tagged  regions.  Examples 
of  the  application  of  MTV  to  different  flow  fields  will 
be  provided,  one  of  which  highlights  the  ability  to 
make,  measurements  when  strong  out-of-plane  motions 
are  present.  Other  examples  will  illustrate  the  potential 
for  simultaneous  passive  scalar  and  velocity  measure¬ 
ments. 


2.  CHEMICAL  MECHANISMS 

A  molecular  complex  is  suitable  for  molecular 
tagging  applications  if  its  lifetime  after  excitation  is 
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long  enough  relative  to  the  flow  convection  time  scale 
to  allow  sufficient  displacement  of  the  tagged  regions. 
The  discussion  in  this  paper  focuses  primarily  on  liquid 
phase  applications,  however  it  is  worthwhile  to  briefly 
note  some  highlights  of  work  in  gas  phase.  The  use  of 
excited-state  oxygen  fluorescence,  pioneered  by  Miles, 
et.  al.  (1987, 1989,  1993)  under  the  acronym  RELIEF, 
is  the  only  tagging  method  currently  available  in  an 
oxygen  environment  (i.e.  air).  The  lifetime  of  the 
tracer  (vibrationally  excited  O2)  is  of  order  100  ps, 
making  it  suitable  for  high  speed  flows.  The  phospho¬ 
rescence  of  biacetyl,  which  has  a  reported  lifetime  of 
order  1  ms,  has  also  been  used  for  velocimetry  (Hilbert 
&  Falco  1991,  Stier,  et  al.  1995).  However,  its  use  is 
limited  to  oxygen-free  environments  due  to  the  phos¬ 
phorescence  quenching  by  oxygen. 

2.1.  Photochromies 

In  a  photochromic  process  a  molecule  M  is 
excited  to  produce  a  high  energy  form  of  M,  desig¬ 
nated  M',  which  has  a  different  absorption  spectrum 
giving  rise  to  a  color  change  (e.g.  from  clear  to  dark 
blue).  The  long  lifetime  tracer  is  the  newly  produced 
M',  which  persists  for  several  seconds  to  minutes.  The 
nonradiative  conversion  from  M  to  M',  i.e.  the  tagging 
process,  occurs  rapidly  (within  the  duration  of  a  few 
nanosecond  long  laser  pulse).  The  photochromic  pro¬ 
cess  is  reversible;  M'  thermally  converts  back  to  M 
over  time,  therefore  the  chemical  is  reusable.  Photo¬ 
chromic  dyes  are  generally  insoluble  in  water,  so 
organic  liquids  such  as  kerosene  are  typically  used  as 
the  flowing  medium.  The  use  of  photochromic  chemi¬ 
cals  requires  two  photon  sources;  typically  a  UV  laser 
(e.g.  A,  =  351  nm  from  an  excimer  laser)  to  induce  the 
color  change  and  a  white  light  source  to  interrogate  the 
tagged  regions. 

Hummel  and  his  group  (e.g.  Popovich  &  Hummel 
1967,  Ojha,  et.  al.  1989)  originated  the  use  of  photo¬ 
chromic  chemicals  as  a  velocity  measurement  tool  by 
tagging  the  flow  along  single  lines.  Significant 
improvements  were  made  in  the  pioneering  work  of 
Falco  &  Chu  (1987),  who  used  a  laser  grid  to  tag  the 
flow  and  coined  the  acronym  LIPA  (Laser  Induced 
Photochemical  Anemometry).  The  distinction 
between  these  different  tagging  approaches  is  a  very 
important  one,  which  will  be  discussed  in  Section  3. 

Some  of  the  advantages  of  photochromies  (long 
lifetime,  reusable)  are  offset  by  the  need  to  use  special 
fluids  such  as  kerosene.  It  is  possible  to  ease  this 
restriction  by  making  chemical  modifications  to  enable 
many  photochromic  dyes  to  dissolve  in  water.  One 
such  example  has  been  reported  by  Yurechko  &  Rya- 


zantsev  (1991).  The  most  significant  drawback  in 
using  photochromic  chemicals  is  that  the  image  is  pro¬ 
duced  by  a  change  in  absorbance,  thereby  requiring  a 
measurement  of  the  difference  between  incident  and 
transmitted  light  Emitted  light  (against  a  black  back¬ 
ground)  is  more  easily  and  accurately  detected  than 
transmitted  light;  consequently,  images  based  on  lumi¬ 
nescence  are  better  suited  to  MTV  applications. 
Despite  some  of  these  difficulties,  photochromies  are 
being  used  very  effectively  to  advance  the  understand¬ 
ing  of  flow  physics  (Chu  &  Liao,  1992;  Chu,  et.  al. 
1993). 

2.2.  Caged  Fluorescein 

In  this  compound  a  chemical  group  is  attached  to 
fluorescein  in  order  to  render  it  non-fluorescent.  The 
caging  group  is  removed  upon  absorption  of  UV  pho¬ 
tons  (X  =  350  run),  thereby  creating  regular  fluorescein 
which  fluoresces  with  very  high  quantum  efficiency.  In 
this  case,  the  long  lifetime  tracer  is  the  uncaged  fluo¬ 
rescein,  which  persists  for  a  very  long  time  and  can  be 
interrogated  at  the  time  of  interest  through  its  lumines¬ 
cence  upon  re-iiradiation.  Two  sources  of  photons  are 
therefore  needed,  one  to  break  the  cage  and  the  other  to 
excite  fluorescence.  The  use  of  caged  fluorescein  and 
similar  compounds  for  molecular  tagging  velocimetry 
was  first  introduced  by  Lempert,  et.  al.  (1995)  under 
the  acronym  PHANTOMM  (PHoto-Activated  Non- 
intrusive  Tracking  of  Molecular  Motion).  In  both  this 
work  and  a  recent  novel  appheation  of  it  (Harris,  et.  al. 
1996),  laser  line  tagging  is  used  (see  Section  3  for  fur¬ 
ther  discussion). 

There  are  two  aspects  of  caged  fluorescein  that 
one  must  be  aware  of  in  designing  an  experiment.  The 
cage-breaking  process  is  irreversible;  each  caged  mole¬ 
cule  can  be  used  only  once.  The  cage-breaking  process 
is  not  r^id  and  occurs  with  a  time  constant  of  the 
order  of  a  few  milliseconds.  This  delay  between  laser 
tagging  and  generation  of  enough  fluorescein  to  obtain 
an  image  with  sufficient  signal/noise  will  dictate  the 
fastest  flow  speeds  that  can  be  acconunodated.  Obvi¬ 
ously,  very  slow  speeds  can  be  handled  with  ease  con¬ 
sidering  the  very  long  lifetime  (practically  infinite)  of 
the  uncaged  fluorescein.  It  is  anticipated  that  future 
research  will  lead  to  the  design  of  new  generations  of 
caged  fluorescent  molecules  without  these  drawbacks. 

23.  Phosphorescent  Supramolecules 

In  using  a  phosphorescent  compound  for  molecu¬ 
lar  tagging,  excitation  by  photons  is  used  to  produce  a 
long-lived  excited  state  which  is  interrogated  through 
its  phosphorescence  emission  as  it  radiatively  returns 
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to  its  ground  state.  The  long  lifetime  tracer  is  the 
excited  state  molecule  itself.  In  this  case  only  one 
source  of  photons  is  needed,  and  the  excitation/emis¬ 
sion  process  is  reversible.  The  difficulty  is  that  long- 
lived  excited  states  (i.e.  phosphorescence)  suffer  from 
O2  and  H2O  quenching,  and  as  a  result,  suitable  molec¬ 
ular  complexes  have  not  been  available  until  recently. 

New  findings  by  Nocera  and  his  group  (Ponce,  et. 
al.  1993,  Mortellaro  &  Nocera  1996,  Hartmann,  et.  al. 
1996)  show  that  supramolecules  may  be  designed  that 
exhibit  long-lived  phosphorescence,  which  are  not 
quenched.  A  successful  design  by  Ponce,  et.  al.  (1993) 
indicates  that  the  quenching  of  a  lumophore  can  be 
stopped,  and  the  phosphorescence  emission  recovered, 
by  mixing  certain  alcohols  with  an  aqueous  solution  of 
a  cyclodextrin  (CD)  cup  that  contains  the  lumophore. 
Cyclodextrins  are  molecules  constructed  from  sugars 
connected  in  a  head-to-tail  arrangemenL  The  molecule 
is  cup-sh^d  with  its  size  determined  by  the  number 
of  sugars  in  the  structure.  The  CD  used  in  our  applica¬ 
tion  is  G6-CD,  which  is  constructed  of  7  glucose  sub¬ 
units,  resulting  in  an  outer  cup  dimension  of  15.3  A 
and  an  inner  cup  cavity  dimension  of  7.8  A.  The  size 
of  the  cavity  is  important  for  effective  binding  to  the 
guest  molecule,  in  our  case  1-bromonaphthalene  (1- 
BrNp),  which  is  the  lumophore. 


Figure  1.  Emission  from  1-BrNp  in  CD’s  (A)  Only  blue  flu¬ 
orescence  is  exhibited  in  the  absence  of  an  appropriate  alco¬ 
hol  (ROH);  (B)  A  bright  green  phosphorescence  plus  the 
initial  fluorescence  is  seen  upon  the  addition  of  ROH,  which 
prevents  the  quenching  of  1-BrNp  phosphorescence  by  O2. 


The  long-lived,  green  phosphorescence  (lifetime 
X  =  5  ms)  of  1-BrNp  is  efficiently  quenched  by  oxygen, 
even  when  the  lumophore  is  inside  a  Q)  cup.  The 
phosphorescence  can  be  recovered  upon  adding  an 
alcohol  (ROH)  to  the  solution  as  shown  in  Figure  1. 
Detailed  studies  of  Ponce,  et.  al.  (1993)  and  Hartmann, 
et.  al.  (1996)  show  that  a  ternary  complex  (1-BrNp  • 
G6-CD  •  ROH)  is  formed  where  the  alcohol  hydrogen 
bonds  to  the  rim  of  the  CD  cup  and  acts  as  a  lid  for  the 
cup,  thereby  shielding  1-BrNp  from  oxygen.  The 
phosphorescence  enhancement  can  be  very  large, 
approaching  lO'^-lO^,  depending  on  the  fit  of  the  alco¬ 
hol  lid  to  the  CD  cup.  For  the  studies  described  in  this 
paper,  cyclohexanol  was  used  as  the  alcohol 

When  using  this  phosphorescent  complex,  it  is 
useful  to  recall  that  luminescence  lifetime  refers  to  the 
rime,  when  the  emission  has  decayed  to  37%  (e'^)  of  its 
initial  intensity.  The  actual  usable  delay  time  between 
laser  tagging  and  interrogation  can  be  considerably 
longer  and  is  dictated  by  the  type  of  detection  used. 
We  have,  for  example,  measured  flows  with  delays  of 
up  to  30  ms  using  image-intensified  cameras.  Never¬ 
theless,  the  lifetime  of  this  molecular  design  is  not  suit¬ 
able  for  very  low  speed  flows.  Such  cases  are  best 
investigated  using  caged  fluorescein  or  photochromies. 

Depending  on  the  placement  of  the  three  compo¬ 
nents  of  the  phosphorescent  complex  in  the  flow,  we 
have  devised  methods  for  (1)  purely  velocimetry,  (2) 
molecularly  tagging  a  passive  scalar  mixing  region  and 
monitoring  its  Lagrangian  evolution,  and  (3)  molecu¬ 
larly  tagging  a  chemical  reaction  interface  between  two 
streams  and  observing  its  Lagrangian  evolution.  The 
first  two  of  these  implementations  are  described  in  this 
paper. 

3.  TAGGING,  DETECTION,  AND  PROCESSING 

SCHEMES 

3.1.  Tagging 

Tagging  the  flow  along  single  lines  was  originally 
used  by  Hummel  and  his  group  (e.g.  Popovich  &  Hum¬ 
mel  1967,  Ojha,  et.  al.  1989).  The  velocity  is  deter¬ 
mined  from  the  displacement  of  the  tagged  lines  in 
much  the  same  manner  as  using  hydrogen  bubble  lines 
generated  by  a  wire  (for  example,  see  Lu  &  Smith 
1985).  Laser  line  tagging  is  still  the  only  method  used 
to  date  in  the  works  utilizing  caged  fluorescein  (Lem- 
pert,  et.  al.  1995;  Harris,  et.  al.  1996)  and  excited-state 
oxygen  fluorescence  (Miles,  et  al.  1987, 1989, 1993). 
It  is  very  important  to  recognize  that  line  tagging 
allows  the  measurement  of  only  one  component  of 
velocity,  that  normal  to  the  tagged  line.  In  addition,  the 
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estimate  of  this  velocity  component  has  an  inherent 
error  associated  with  it.  Following  the  analysis  of  Hill 
&  Klewicki  (1995),  and  referring  to  Figure  2,  this  error 
can  be  cast  in  the  form 


Am 

u 


tan  6  — At 
dy 


In  this  expression,  m  is  the  estimated  velocity  compo¬ 
nent  normal  to  the  tagged  line.  Am  =  Mactuai  -  «  is  the 
error  in  the  estimated  velocity,  0  is  the  local  flow  angle 
given  by  tan  0  =  v/m  with  v  being  the  flow  velocity  par¬ 
allel  to  the  tagged  line,  and  At  is  the  time  delay 
between  tagging  and  interrogation.  Clearly  an  a  priori 
knowledge  of  the  flow  field  is  necessary  in  order  to 
provide  an  estimate  of  the  error.  It  can  be  observed, 
however,  that  this  inherent  error  is  identically  zero  only 
in  flows  where  the  velocity  component  v  along  the 
tagged  line  is  zero  (i.e.  unidirectional  flows)  or  where 
velocity  gradient  du/dy  =  0.  In  a  general  flow  field 
where  these  constraints  are  not  met,  the  error  can  be 
reduced  by  decreasing  the  delay  time  At,  but  it  cannot 
be  made  arbitrarily  small,  since  At  has  to  be  large 
enough  for  the  resulting  displacement  of  the  tagged 
line  to  be  measured  with  adequate  accuracy.  While 
keeping  these  issues  in  mind,  it  is  sometimes  possible 
to  take  advantage  of  an  a  priori  knowledge  of  the  flow 
field  under  investigation  to  design  the  experimental 
parameters  such  that  the  inherent  error  discussed  here 
becomes  minimal  compared  to  other  measurement 
errors.  In  cases  where  this  can  be  done  (see  Hill  & 
Klewicki  1995,  for  example)  the  line  tagging  approach 
can  provide  reliable  information  on  one  component  of 
the  velocity  vector. 

In  order  to  unambiguously  measure  two  compo¬ 
nents  of  the  velocity  in  a  plane,  the  luminescence 
intensity  field  from  a  tagged  region  must  have  spatial 
gradients  along  two,  preferably  orthogonal,  direc¬ 
tions.  For  single-point  velocimetry,  this  is  easily  achie- 


tagged  displaced  line 
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Figure  2.  The  velocity  at  point  O  is  V.  Using  the  line  center 
displacement  gives  a  lateral  velocity  estimate  u,  with  error 
Am.  The  vertical  velocity  component  cannot  be  estimated 
with  the  flow  tagged  in  this  manner. 


Figure  3.  The  undistorted  grid  in  (a)  is  displaced  by  the 
velocity  field  shown  in  (b)  for  5  ms  and  19  ms  to  produce  the 
distorted  grids  shown  in  (c)  and  (d),  respectively. 


ved  using  a  pair  of  crossing  laser  beams;  a  grid  of 
intersecting  laser  lines  allows  multi-point  velocity 
measurements.  Use  of  this  tagging  scheme  was  pio¬ 
neered  by  Falco  &  Chu  (1987).  An  example  of  a 
region  in  a  flow  tagged  in  this  manner  using  our  new 
phosphorescent  supramolecules,  and  the  same  region 
interrogated  subsequently  at  two  different  delay  times, 
is  depicted  in  Figure  3.  The  flow  fleld  is  that  generated 
by  a  vortex  ring  impacting  a  solid  wall  at  normal  inci¬ 
dence,  which  will  be  discussed  as  one  of  the  examples 
in  Section  4.  The  superposition  of  the  image  at  the 
longer  time  delay  (Figure  3d)  onto  the  initially  tagged 
image  (Figure  3a),  shown  in  Figure  4,  serves  to  high¬ 
light  the  velocity  error  inherent  in  the  line  tagging 
^proach  discussed  earlier.  The  image  at  the  shorter 
time  delay  in  Figure  3c  is  more  typical  of  that  used  in 


Figure  4.  The  superposition  of  Figure  3d  (red)  over  Figure 
3a  (green)  in  the  neighborhood  of  the  point  marked  ©  in  Fig¬ 
ure  3a.  The  notation  is  the  same  as  that  used  in  Figure  2. 
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our  velocimetry  applications. 

As  will  be  seen  later,  laser  grid  tagging  is  only  a 
special  case  of  a  more  generalized  approach  to  induce  a 
spatially  non-uniform  luminescence  intensity  in  a 
tagged  region.  For  example,  the  non-uniform  passive 
scalar  concentration  field  typical  of  most  turbulent 
flows  can  sometimes  be  used  as  a  natural  source  of 
luminescence  non-uniformity  without  the  need  for  grid 
illumination. 

3.2.  Detection 

Depending  on  the  specific  requirements  of  a  par¬ 
ticular  application,  a  variety  of  image  acquisition 
methods  have  been  used  in  the  past  including  cameras 
recording  on  film,  CCD  cameras,  and  gated  image- 
intensified  cameras.  The  common  element  among  all 
previous  studies  is  that  a  single  detector  is  used;  the 
initial  tagging  pattern  is  recorded  once,  usually  at  the 
beginning  of  the  experiment,  and  then  the  delayed 
images  are  acquired.  The  implicit  assumption  in  this 
approach  is  that  the  initial  tagging  pattern  remains  spa¬ 
tially  invariant  throughout  the  experiment.  Because 
current  processing  schemes  (see  Section  3.3)  measure 
the  displacement  of  the  tagged  regions  with  sub-pixel 
accuracy,  small  variations  in  the  initial  pattern  will  be 
misinterpreted  as  flow  velocity  fluctuations.  We  have 
improved  the  accuracy  of  the  MTV  technique  by 
employing  a  two-detector  imaging  scheme. 

The  experimental  arrangement,  shown  in  Figure 
5,  involves  a  link  between  the  pulsed  excimer  laser 
(5l  =  308  run)  and  two  image  detectors  through  a  digital 
delay  generator.  Immediately  after  the  laser  fires,  the 
first  detector  records  an  image  of  the  tagged  flow,  and 
after  a  prescribed  time  delay  At,  the  second  detector 


Figure  5.  Optical  and  electronic  arrangement  for  2-camera 
MTV  experiments.  Both  cameras  view  the  same  image  plane 
through  the  cube  beam  splitter.  Synchronization  between  the 
two  cameras  and  laser  is  provided  by  a  digital  delay  genera¬ 
tor. 


records  a  delayed  image.  These  images  are  digitally 
acquired  in  real  time  by  two  separate  acquisition  sys¬ 
tems.  The  advantage  of  this  arrangement  is  that  any 
spatial  “wandering”  of  the  tagged  regions  (e.g.  due  to 
laser  beam  pointing  instability,  vibration  of  the  optics, 
etc.)  does  not  contribute  to  error  in  the  measurement  of 
the  displacement  of  these  regions.  Furthermore,  the 
two-detector  setup  is  clearly  indispensable  when  the 
intensity  field  in  the  initial  tagging  pattern  cannot  be 
assumed,  for  example  in  the  case  of  a  non-uniform  sca¬ 
lar  mixing  field. 

The  data  shown  in  this  paper  were  acquired  using 
the  arrangement  shown  in  Figure  5  in  conjunction  with 
a  variety  of  CCD  detectors  (interlaced  cameras,  elec¬ 
tronically-shuttered  frame  transfer  cameras,  and  gated 
image-intensified  cameras)  depending  on  the  optical/ 
imaging  requirements  unique  to  the  particular  experi¬ 
ment  Each  image  was  digitized  to  8  bits  into  a  512  x 
512  pixel  array.  Tune  series  data  were  acquired  at  a 
rate  of  30  image  pairs  per  second  directly  onto  hard 
disk. 

33.  Processing 

The  traditional  method  for  finding  the  displace¬ 
ment  of  tagged  lines  or  grids  has  been  to  locate  the 
center  of  each  line  through  various  techniques.  Most 
of  the  recent  techniques  use  the  best  fit  to  an  assumed 
laser  line  shape,  for  example,  a  gaussian  intensity  dis¬ 
tribution.  We  are  not  aware  of  a  systematic  statistical 
study  of  the  performance  of  this  ^proach  while  con¬ 
sidering  the  effects  of  experimental  parameters  such  as 
image  contrast,  signal  to  noise  ratio,  etc.  The  recent 
study  of  Hill  &  Klewicki  (1995)  reports  the  accuracy  in 
determining  the  displacement  vector  to  be  ±0.35  pixel 
rms.  Even  though  efforts  are  under  way  to  improve  the 
accuracy  further  using  better  algorithms,  the  basic 
premise  behind  this  approach  is  the  use  of  a  known  line 
shape  for  the  tagged  line,  which  may  not  be  known  a 
priori  in  some  situations,  due  to  a  variety  of  reasons 
associated  with  laser  beam  transmission  through  a 
flowing  medium,  bleaching  effects,  etc. 

We  have  taken  a  different  ^proach  in  an  attempt 
to  implement  a  generalized  scheme  that  is  independent 
of  the  details  within  a  tagged  region,  and  can  accom¬ 
modate  arbitrary  tagging  patterns  including  those  due 
to  non-uniform  scalar  mixing  fields.  The  displacement 
of  the  tagged  regions  is  determined  using  a  direct  digi¬ 
tal  spatial  correlation  technique.  The  example  pro¬ 
vided  in  Figure  6  illustrates  a  region  in  an  actual 
experiment  tagged  by  a  laser  grid,  the  tagged  region  at 
a  later  time,  and  the  corresponding  spatial  correlation 
coefficient  field  for  one  of  the  grid  aossings.  A  well- 
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Figure  6.  Experimental  MTV  grid,  (a)  ■  lines  are  the  grid  at 
t  =  0;B  lines  are  the  grid  after  a  6  ms  delay,  (b)  Correlation 
coefficient  contours  for  the  indicated  intersection  in  (a) 

defined  correlation  peak  occurs  at  the  location  corre¬ 
sponding  to  the  displacement  of  the  tagged  region  by 
the  flow;  the  displacement  peak  is  located  to  sub-pixel 
accuracy  using  a  multi-dimensional  polynomial  flt. 
This  procedure  is  similar  to  what  could  be  used  in 
DPIV  processing  of  particle  image  pairs.  One  advan¬ 
tage  of  our  processing  technique  over  traditional  line- 
center  methods  is  robusmess  to  the  presence  of  noise 
due  to  the  averaging  process  inherent  in  the  correlation 
procedure.  Based  on  both  experiments  and  an  exten¬ 
sive  statistical  study  on  the  performance  of  this  correla¬ 
tion  approach,  we  have  found  that  we  can  typically 
measure  the  displacement  of  the  tagged  regions  with  a 
95%  confidence  limit  of  ±0.1  sub-pixel  accuracy  (i.e. 
95%  of  the  displacement  measurements  are  accurate  to 
better  than  0.1  pixel).  This  corresponds  to  an  rms 
accuracy  of  ±0.05  pixel,  assuming  a  Gaussian  distribu¬ 
tion  for  error.  The  details  can  be  found  in  Gendrich  & 
Koochesfahani  (1996). 

It  should  be  noted  that  the  spatial  correlation 
method  just  described,  though  of  more  general  utility 
than  the  line-center  methods,  may  lead  to  a  somewhat 
degraded  spatial  resolution.  The  contrast  is  similar  to 
that  between  PIV  (using  a  group  of  seed  particles)  ver¬ 
sus  individual  particle  tracking. 

4.  EXAMPLES  OF  MTV  MEASUREMENTS 

When  the  three  components  of  the  phosphores¬ 
cent  complex  (1-BrNp  •  G6-CD  •  ROH)  are  premixed 
with  water  in  the  entire  flow  facility,  we  obtain  a  tech¬ 
nique  intended  solely  for  velocity  measurements. 
Since  the  flowing  medium  is  homogeneously  mixed,  a 
pulsed  laser  grid  pattern  is  used  to  molecularly  tag  the 
regions  of  interest. 

An  example  of  the  type  of  time  series  data 
obtained  from  a  single  MTV  grid  intersection  is  shown 
in  Figure  7.  This  figure  illustrates  the  time  evolution  of 
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Figure  7.  The  time  evolution  of  (u,  v)  velocity  components 
measured  by  MTV  near  the  center  of  a  passing  vortex  ring. 

two  components  of  the  velocity  vector  near  the  axis  of 
symmetry  of  a  passing  vortex  ring.  We  note  that  this 
represents  raw  data  (i.e.  no  filtering  or  smoothing) 
from  one  of  many  grid  points  where  simultaneous 
velocity  data  were  obtained. 

The  next  example  provides  a  sample  of  the  instan¬ 
taneous  whole-field  measurements  of  two  components 
of  the  velocity  vector  over  a  plane  in  a  study  of 
unsteady  boundary  layer  separation  in  a  vortex-wall 
interaction.  A  vortex  ring  approaching  a  wall  at  nor¬ 
mal  incidence  generates  an  unsteady  adverse  pressure 
gradient  on  the  wall  which  results  in  boundary  layer 
separation  and  formation  of  a  secondary  vortex.  An 
LIF  flow  visualization  of  this  flow  right  after  the  for¬ 
mation  of  the  secondary  vortex  is  depicted  on  top  in 
Figure  8(a)  (only  the  left  half  of  the  flow  is  included). 
Figure  8(b)  shows  the  corresponding  instantaneous 
MTV  velocity  data  (1  mm  grid  spacing  with  first  grid 
0.5  mm  away  from  the  wall)  and  the  computed  vortic- 
ity  field.  The  data  sequence  in  Figure  9  is  selected 
from  a  much  longer  time  series  sequence  showing  an 
enlarged  view  of  the  details  of  the  velocity  and  vortic- 
ity  fields  during  the  boundary  layer  separation  process. 
Except  for  the  inherent  smoothing  involved  in  mapping 
the  velocity  data  from  the  irregular  MTV  grid  onto  a 
regular  grid,  the  data  shown  in  Figures  8  and  9  repre¬ 
sent  raw  data,  i.e.  no  attempt  was  made  to  remove  a 
“bad”  vector,  replace  it,  or  apply  spatial  filtering 

At  this  stage,  a  comparison  between  the  MTV  and 
PIV  methods  is  warranted.  The  MTV  technique  can  be 
thought  of  as  the  molecular  version  of  PIV  with  two 
major  advantages.  First,  since  particles  are  replaced  by 
molecules  dissolved  in  the  flowing  medium,  the  prob¬ 
lems  related  to  particles  tracking  the  flow,  density  mis¬ 
match  between  particles  and  the  fluid,  particle  seeding 
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Figure  8.  (a)  UF  image  of  the  left-half  of  a  downward  moving  vortex  ring.  The  ring  and  wall-layer  fluids  are  marked  by  green- 
and  red-emitting  laser  dyes,  respectively,  (b)  Velocity  and  vorticity  fields  measured  using  MTV. 


density,  etc.  are  absent  from  MTV.  Second,  the  perfor¬ 
mance  and  accuracy  of  PIV  in  measuring  the  in-plane 
velocity  vector  can  degrade  considerably  in  3-D  veloc¬ 
ity  fields  due  to  particle  motion  in/out  of  the  plane  of 
the  laser  sheet.  In  MTV,  the  measurement  of  in-plane 
velocity  vectors  is  quite  insensitive  to  the  out-of-plane 
velocity  component.  The  reason  is  that  only  the  tagged 
region  is  luminescent;  the  motion  of  any  molecules 
located  outside  of  this  tagged  region  into  or  out  of  the 
image  field  of  view  does  not  contaminate  the  spatial 
correlation  process  since  those  molecules  are  not  lumi¬ 
nescent. 

The  latter  advantage  of  MTV  offers  a  unique 
capability  for  velocimetry  in  highly  3-D  flows,  which 
we  demonstrate  in  an  application  to  a  forced  wake.  We 
have  previously  reported  that  forcing  a  low  Reynolds 
number  2-D  wake  can  lead  to  a  highly  three-dimen¬ 
sional  flow  and  a  large  inaease  in  mixing  (MacKinnon 
&  Koochesfahani  1993,  Koochesfahani,  et.  al.  1994). 
Figure  10  illustrates  preliminary  instantaneous  velocity 


vectors  (v,  w  components)  in  the  cross-stream  (y-z) 
plane  at  three  different  instances  during  the  perturba¬ 
tion  period  at  a  downstream  station  x  =  13  cm.  The 
estimated  streamwise  vorticity  fields  at  two  of  those 
instances  are  included  in  Figure  11.  The  region  shown 
in  these  figures  covers  an  area  1.8  cm  x  4  cm.  As 
before,  except  for  remapping  onto  a  regular  grid,  these 
are  raw  data.  It  is  important  to  recognize  that  the  mean 
streamwise  flow  direction  is  actually  out  of  the  page  in 
this  flow  field.  The  high  degree  of  three-dimensional¬ 
ity  and  the  spatial  structure  of  the  streamwise  vorticity 
are  apparent.  The  maximum  cross-stream  velocity  in 
Figure  10  is  about  40%  of  the  wake  freestream  veloc¬ 
ity. 


5.  PASSIVE  SCALAR  MIXING  DYNAMICS 

In  the  non-reacting  (passive  scalar)  implementa¬ 
tion,  the  alcohol,  CD,  and  lumophore  are  premixed  in 
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Figure  9.  Velocity  and  vorticity  details  of  the  ring/waU  inter¬ 
action  measured  using  MTV.  Only  the  left-half  of  the  flow 
field  is  shown. 


one  stream,  and  the  other  mixing  stream  is  for  example 
pure  water  or  contains  an  alcohol  solution.  The 
Lagrangian  evolution  of  the  scalar  mixing  field  is 
then  monitored  over  the  luminescence  lifetime.  An 
example  of  this  implementation  is  shown  in  Figure  12. 
A  vortex  ring's  fluid  is  premixed  with  the  alcohol /CD/ 
lumophore  solution,  and  the  ambient  fluid  contains 
only  the  alcohol  solution.  The  UV  laser  is  arranged  to 


illuminate  a  series  of  parallel  “bands”  in  the  flow.  Fig¬ 
ure  12  shows  the  molecularly-tagged  patches  of  the 
vortex  ring  fluid  at  the  initial  time  (20  ps  after  laser  fir¬ 
ing),  marked  green,  and  the  evolution  of  the  same 
patches  9  ms  later  (marked  red).  The  velocity  vectors 
at  the  comers  of  the  patches  are  determined  by  the 
same  direct  spatial  correlation  technique  described  ear¬ 
lier.  Figures  13(a,b)  show  the  velocity  vectors  in  the 
laboratory  frame  and  the  vortex  frame,  respectively. 

Even  though  the  vortex  ring  example  just  shown 
has  a  rather  simple  concentration  field  (i.e.  uniform 
within  the  tagged  patches),  it  does  highlight  the  poten¬ 
tial  of  a  molecular  tagging  approach  for  simultaneous 
concentration  (from  the  first  image)  and  velocity  (using 
image  pairs  as  in  Figure  12)  measurements  in  more 
complex  and  turbulent  flows.  In  this  case  the  spatially 
non-uniform  scalar  concentration  field  typical  of  most 
turbulent  flows  can  be  used  as  a  natural  source  of  the 
luminescence  intensity  variation  described  earlier. 
Where  this  can  be  accomplished,  a  much  simpler  opti¬ 
cal  arrangement  with  a  laser  sheet  can  replace  the  more 
involved  technique  of  “writing”  a  prescribed  laser  pat¬ 
tern  into  the  flow  (e.g.  the  usual  grid  pattern).  An 
example  is  given  in  Figure  14,  illustrating  the  vortex 
ring  of  a  starting  jet  illuminated  by  a  pair  of  crossing 
laser  sheets.  The  placement  of  the  chemical  compo¬ 
nents  is  the  same  as  that  in  the  example  of  Figure  12. 

Figure  14(a)  is  the  first  image  of  the  tagged  flow 
acquired  20  ps  after  the  laser  firing;  the  second  image, 
not  shown  here,  is  acquired  6  ms  later.  In  a  manner 
similar  to  that  already  described,  the  Lagrangian  dis¬ 
placement  of  small  regions  (source  windows)  in  the 
first  image  can  be  obtained  using  spatial  correlation 
with  “roam  windows”  from  the  second  image.  One 
example  of  a  suitable  source  window  is  illustrated  in 
Figure  14(b)  along  with  the  roam  window  from  the 
second  image  in  Figure  14(c);  the  dashed  black  square 
in  the  roam  window  indicates  the  initial  location  of  the 
source  window.  The  resulting  correlation  coefficient 
field  indicates  a  well-defined  peak  whose  pixel  coordi¬ 
nates  are  determined  to  be  (Ax,  Ay)  =  (-0.9,  -5.3).  Fig¬ 
ure  14(e)  shows  the  superposition  of  (b)  over  (c),  after 
(b)  has  been  moved  to  the  location  of  the  peak  correla¬ 
tion  (the  solid  black  square). 

It  is  implicitly  understood  that  the  correlation  pro¬ 
cedure  applied  to  continuously  distributed  lumines¬ 
cence  fields  such  as  Figure  14(a)  will  yield  accurate 
displacement  information  in  two  directions  only  if  suf¬ 
ficient  intensity  gradients  are  present  within  the 
selected  source  windows.  In  the  areas  of  the  flow 
where  this  requirement  is  not  satisfied,  a  non-uniform 
laser  illumination  can  be  used  instead.  The  example  of 
Figure  14  again  highlights  the  potential  for  simulta- 
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Figure  10.  Raw  instantaneous  MTV  velocity  vectors  of  the  cross-stream  flow  in  a  forced  wake  at  three  different  instances  in  the 
forcing  cycle.  Note  that  the  mean  flow  is  out  of  the  page. 


Figure  1 1 .  Instantaneous  MTV  velocity  vectors  and  streamwise  vorticity  of  the  cross-stream  flow  in  a  forced  wake. 
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Figure  12.  Lagrangian  evolution  of  molecularly  tagged  fluid 
patches  in  a  vortex  ring.  Only  the  left  half  of  a  downward- 
moving  ring  is  shown.  The  H  patches  are  regions  imaged 
20  ps  after  laser  firing;  the  H  patches  are  the  same  regions 
9  ms  later. 


Figure  13.  (a)  Velocity  vectors  estimated  using  the  comers  of 
the  patches  in  Figure  12.  (b)  The  velocity  field  of  (a)  with  the 
core  convection  velocity  subtracted 


neous  concentration  (from  the  first  image)  and  velocity 
(using  image  pairs)  measurements.  Similar  to  the  dis¬ 
cussion  earlier  in  Section  2.3,  in  cases  where  monitor¬ 
ing  the  evolution  of  the  passive  scalar  field  over  very 
long  time  periods  is  desired,  a  much  longer  lifetime 
tracer  such  as  caged  fluorescein  would  have  to  be  used. 


6.  CONCLUSIONS 

New  developments  in  molecular  tagging  diagnos¬ 
tics  for  velocimetry  (MTV)  and  the  study  of  the 
Lagrangian  evolution  of  scalar  mixing  fields  have  been 
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Figure  14.  Correlation  technique  applied  to  experimental 
data  from  a  mixing  jet  flow  field,  (a)  Earlier  image,  (b)  21  x 
21  pixel  source  window  from  (a),  (c)  51  x  51  pixel  roam 
window  from  the  second  image  (not  shown  here),  (d)  corre¬ 
lation  coefficient  field,  (e)  superposition  of  source  window 
over  roam  window. 
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described.  The  MTV  ^proach  is  the  molecular  coim- 
teipart  of  PIV  and  offers  certain  advantages  over  PIV, 
primarily  its  lack  of  sensitivity  to  out-of-plane  motion 
contaminating  in-plane  velocity  data.  This  aspect  has 
been  demonstrated  in  an  application  of  MTV  to  the 
highly  3-D  velocity  field  of  a  forced  wake.  The  poten¬ 
tial  of  the  molecular  tagging  approach  for  studying  the 
dynamic  evolution  of  mixing  interfaces  and  combined 
scalar/velocity  measurements  has  also  been  demon¬ 
strated. 
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ABSTRACT 

The  paper  describes  new  laser-based  diagnostic  strategies 
towards  a  complete  description  of  sooting  flames.  One 
technique  presented  is  laser-induced  incandescence  (LII), 
which,  in  part  in  conjuction  with  extinction  and  scattering 
techniques,  allows  to  obtain  ample  information  on  soot 
concentration  and  size,  both  of  primary  particles  and 
clusters.  The  other  technique  introduced  is  filtered  Rayleigh 
scattering  (FRS),  an  extention  of  conventional  Rayleigh 
scattering,  which  makes  it  possible  to  gather  temperature 
information  also  in  a  sooting  environment,  yielding 
important  information  both  for  the  evaluation  of  LII  data 
and  for  a  basic  understanding  of  combustion. 

Either  method  may  be  used  in  an  imaging  way  enabling 
the  acquisition  of  complete  maps  of  soot  parameters  or 
temperature,  respectively. 

1.  INTRODUCTION 

The  understanding  of  soot  formation  and  oxidation  both 
in  model  laboratory  flames  and  in  technical  combustion 
processes  heavily  relies  on  suitable  diagnostic  techniques 
for  both  soot  data  and  the  underlying  temperature  field.  For 
the  measurement  of  the  soot  quantities  required  optical 
techniques  are  of  major  importance,  as  discussed  by 
Charamlampopoulos  (1992).  Among  these  there  are 
dynamic  light  scattering  for  the  cluster  size,  as  applied  by 
Scrivner  et  al  (1986),  and  various  scattering  and  extinction 
methods,  which  have  been  used  by  Bockhom  et  al  (1981) 
and  Puri  et  al  (1993)  to  acquire  information  on  both  cluster 
size  and  structure  and  soot  volume  fraction.  These  methods 
are  basically  pointwise  or  show  a  line  of  sight  character,  in 
the  latter  case  they  are  often  combined  with  a  tomographic 
reconstruction  for  axisymmetric  problems  in  order  to 
recover  distributions  at  a  given  plane  above  a  burner,  as 
shown  by  Shaddix  et  al  (1994).  Besides  a  considerable 
effort  necessary  for  a  full  information  of  the  soot 
distribution  these  well-established  optical  techniques  suffer 
from  two  substantial  drawbacks.  One  disadvantage  is  that  it 
is  not  possible  to  obtain  data  on  the  whole  combustion  field 
simultaneously,  which  limits  the  utility  for  non-stationary 
processes.  Another  limitation  is  that  they  most  often  require 
input  data  for  the  size  of  primary  particles,  which  is  not 
accessible  directly  by  these  techniques  and  is  usually  gained 


by  a  sample  probe  and  subsequent  electron  microscopy,  as 
used  by  Bockhom  et  al  (1981). 

Alternatively,  laser  induced  incandescence  (LII) 
techniques  have  successfully  been  used  for  two-dimensional 
soot  diagnostics,  e.g.  by  Shaddix  et  al  (1994).  and  Quay  et 
al  (1994),  especially  on  soot  volume-fraction.  Will  et  al. 
(1995)  have  described  a  way  to  measure  primary  soot 
particle  sizes  by  time-resolved  LII  (TIRE-LII). 

A  point  of  major  importance  to  obtain  accurate  results  is 
the  provision  of  information  on  local  gas  temperature. 

For  instantaneous  two-dimensional  temperature 
measurement  in  gas  combustion,  Rayleigh  scattering  has 
proven  to  be  a  useful  tool  (see  e.g.  Kampmann  (1994)).  Its 
major  disadvantage  is  the  interference  from  elastic  scattering 
from  particles  and  surfaces  that  made  investigation  of 
sooting  flames  impossible.  Here  a  novel  filtering  technique 
is  presented  that  permits  the  detection  of  gas  phase  Rayleigh 
scattering  in  the  presence  of  the  orders  of  magnitudes 
stronger  scattering  of  soot  particles,  enabling  temperature 
determination  in  sooting  flames. 


2.  LII  -  THEORY  AND  QANTITIES  ACCESIBLE 


2.1.  Soot  Volume  Fraction 

Basic  principle  of  LII  is  to  increase  the  temperature  of 
the  soot  particles  to  slightly  above  vaporisation  temperatures 
by  means  of  an  highly-energetic  laser  pulse  and  to  detect  the 
enhanced  thermal  radiation.  The  differential  equation  for  the 
temperature  of  the  primary  particles  assumed  as  spherical 
with  diameter  dp  follows  from  the  conservation  of  energy 
and  reads 
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The  individual  terms  denote  absorption  of  the  laser 
irradiation  (absorption  efficiency  Qabgj  irradiance  E; ),  heat 
transfer  to  the  surroimding  medium  (heat  transfer  coefficient 
A,  temperature  Tg  of  surrounding  gas),  vaporisation  of  soot 
particles  (heat  of  vaporisation  AH^  and  molar  mass  M  of 
carbon,  loss  of  mass  dm/dt),  thermal  radiation  (mean 
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emission  coefficient  F,  Stefan-Boltzmann-constant  Ogg) 
and  raise  of  internal  energy  (density  p  and  specific  heat  C  of 
carbon). 

According  to  Melton  (1984)  the  radiative  emission  for  a 
given  wavelength  and  thus  the  detected  signal  S  in  the 
moment  of  maximum  temperature  (dT/dt  =  0)  can  be 
calculated  to  give 

SocNpdp", 

where  the  exponent  is  x  =  3  +  154  nm  /  with  emission 
wavelength  Thus,  the  LII  technique  may  be  used  for 
the  approximate  determination  of  soot  volume  fraction  fy  in 
spite  of  a  slight  overestimation  and  a  bias  towards  larger 
particles,  which  may  be  tolerated  for  most  practical 
applications. 


signal  (a.u.) 


t(ns) 

Fig.  1  Temporal  behavior  of  the  LII  signal  for  various 
particle  sizes 


2.2.  TIRE-LII  and  Primary  Particle  Size 

The  time-resolved  LII  technique  is  based  on  the  fact  that 
after  an  initial  laser  pulse  smaller  particles  cool  down  faster 
than  larger  ones  due  to  their  larger  specific  surface.  There 
are  three  paths  for  energy  loss,  namely  vaporisation,  heat 
conduction  to  the  surrounding  gas  and  radiation.  High 
enough  initial  laser  power  provided,  vaporisation  is  the 
dominant  path  for  a  period  of  order  100  ns,  after  which  heat 
conduction  is  the  most  important  heat  transfer  mechanism.  It 
should  be  pointed  out  that  radiative  heat  transfer  contributes 
little  (less  than  5  %  for  all  times)  to  the  total  temperature 
decrease,  although  there  exists  a  detectable  signal,  and  that 
all  three  paths  are  included  in  the  heat  transfer  calculations. 

From  a  numerical  integration  of  the  power  balance  a 
model  for  the  particle  temperature  as  a  function  of  time  can 
be  set  up.  The  relative  LII  signal  S  can  then  be  calculated 
with  the  help  of  Planck's  radiation  function,  where  the 


emissivity,  which  equals  the  absorption  efficiency,  can  be 
obtained  from  the  usual  Mle-formulae. 

There  are  several  aspects  which  have  to  be  taken  into 
consideration  for  a  favorable  application  of  TIRE-LII.  One 
important  point  is  how  the  moments  of  detection  should  be 
chosen.  As  to  the  first  moment  of  observation  it  is 
favourable  to  avoid  the  first  tens  of  nanoseconds  of  the 
decay,  where  the  effects  of  vaporisation  are  predominant;  a 
value  of  about  100  ns  is  a  reasonable  selection.  As  to  the 
selection  of  the  second  point,  signal  statistics  are  of  great 
importance,  which  obviously  strongly  depend  on  the 
detection  system  employed. 


Fig.  2  Theoretical  standard  deviation  of  the  particle 
diameter  dp  measured,  as  it  is  obtained  from 
photoelectron  statistics. 


With  the  use  of  a  two-dimensional  ICCD-camera  a 
second  moment  of  observation  in  the  range  of  600  -  1000  ns 
is  favorable.  The  final  choice  also  depends  on  the  particle 
sizes  to  be  expected.  Short  times  appear  advantageous  for 
small  particles,  but  only  marginally  suitable  for  larger  ones. 

The  accurate  determination  of  absolute  values  for 
monomer  size  relies  heavily  on  the  models  used  for  the  heat 
transfer  mechanism  and  the  LII  signal  and  on  correct 
physical  data  for  the  quantities  involved  therein.  As  the 
model  calculations  take  into  account  particle  shrinkage,  the 
influence  of  parameters  like  refractive  index  or  laser 
irradiance  on  the  determination  of  original  monomer  size  is 
present,  yet  not  dominant.  In  general,  as  the  energy  transfer 
after  some  100  ns  is  mainly  determined  by  the  internal 
energy  of  the  soot  particles  and  the  heat  transfer  to  the 
surrounding  gas,  the  density  and  heat  capacity  of  soot  and 
the  heat  transfer  coefficient  A  gain  major  importance. 
Following  Melton's  (1984)  model,  our  calculations  are  also 
based  on  air  as  the  surrounding  medium  due  to  a  lack  of 
knowledge  on  local  gas  composition,  yet  a  differing  thermal 
conductivity  of  the  local  gas  mixture  may  affect  the  results 
considerably. 
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Furthermore,  errors  regarding  local  gas  temperatures 
must  be  taken  into  account.  Model  calculations  are  based  on 
a  combustion  temperature  of  1800  K.  Figure  3  illustrates  the 
relative  error  in  size  obtained  for  a  30  nm  particle  for 
various  values  of  t2  and  as  a  function  of  the  gas  temperature 
Tq,  which  is  to  represent  the  true  local  temperature.  As  it 
can  be  seen,  the  error  increases  with  increasing  tj,  because 
at  later  detection  times  an  error  in  the  temperature  difference 
between  the  particles  and  the  surrounding  gas  amounts  to  an 
increased  error  in  the  cooling  rate.  Yet  the  error  is  smaller  as 
it  may  be  expected,  especially  for  large  delay  times,  as  the 
dependence  of  the  thermal  conductivity  on  temperature  in 
part  compensates  for  the  effect  of  a  wrong  assumption  of 
gas  temperature.  The  local  variation  of  monomer  size  may 
be  determined  more  reliably  in  systems  with  moderate  local 
temperature  changes.  Yet,  generally,  TIRE-LII  performance 
may  be  significantly  improved  by  providing  information  on 
local  gas  temperature. 


Fig.  3  Relative  error  in  particle  size  for  a  30  nm  particle 
and  various  delays  t2,  if  the  true  gas  temperature 
Tq  differs  from  the  assumed  value  of  1800  K. 


2.3.  Combinative  Techniques  And  Other  Quantities  Of 
Interest 

Besides  information  about  primary  particle  sizes  also 
knowledge  about  cluster  size  is  highly  desirable.  This  may 
be  achieved  by  a  combination  of  LII  and  elastic  scattering 
(ES).  With  the  relationships  for  the  signals  of  either 
technique,  i.e. 

Slh 

for  the  prompt  LII  signal  and 

SEsOcN3nV 


for  elastic  scattering  in  the  Rayleigh  approximation,  a 
relative  value  for  the  volume  equivalent  diameter  D  of  a 
soot  cluster  may  be  obtained: 
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Both  for  aggregate  size  and  for  soot  volume  fraction  it  is 
necessary  to  obtain  at  least  one  calibration  point.  In  the  case 
of  fy,  this  may  be  most  easily  accomplished  by  extinction 
measurements,  where  a  laser  beam  with  wavelength  X  and 
incident  energy  flux  Ig  is  attenuated  to  a  value  I  along  the 
total  length  L  of  the  combustion  zone.  For  the  determination 
of  soot  volume  fraction  a  common  approach  is  to 
approximate  the  extinction  efficiency  by  the  absorption 
efficiency,  thus  neglecting  scattering,  and  to  calculate 
absorption  in  the  Rayleigh  approximation,  which  according 
to  Santoro  et  al  (1984)  results  in  the  relationship 


6jtf^E(m)r'dl, 


where  E(m)  follows  from  the  complex  index  of  refraction. 
In  an  axisymmetric  flame  the  volume  fraction  at  each  point 
may  be  achieved  from  scarming  the  laser  beam  through  the 
whole  flame  and  applying  a  subsequent  tomographic 
reconstruction,  as  it  has  been  demostrated  by  Puri  et  al 
(1984).  In  order  to  obtain  a  calibration  constant  for  the  LII 
measurements,  it  is  sufficient,  however,  to  compare  the  total 
absorption  along  a  line  of  sight  with  the  corresponding 
integral  of  the  LII  values. 

A  calibration  value  for  the  aggregate  size  may  be 
obtained  from  a  combination  of  extinction  and  scattering 
measurements,  as  shown  by  Pinson  et  al  (1993). 

With  the  volume  fraction  and  the  cluster  size  calibrated,  it 
is  a  straightforward  task  to  calculate  other  quantities 
required  for  the  individual  volume  elements.  The  average 
number  n  of  monomers  in  an  aggregate  follows  directly 
from  the  relationship  between  aggregate  and  monomer  size, 
the  number  concentrations  of  primary  particles  and 
aggregates,  Np  and  N^,  respectively,  can  be  derived  from  the 
soot  volume  Action  and  the  corresponding  sizes. 


3.  THEORY  OF  FILTERED  RAYLEIGH  SCATTERING 

The  frequency  spectrum  of  scattered  light  from 
molecules  stays  constant  in  the  centre  frequency  but  can  be 
broadened  spectrally  relative  to  the  incident  radiation.  Due 
to  the  higher  inertia,  broadening  of  elastically  scattered  light 
of  particles  is  neglegible  while  laser  induced  glare  on 
surfaces  is  not  broadened.  A  very  narrowband  absorption 
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filter  at  the  centre  frequency  of  the  incident  radiation  can 
such  be  used  to  suppress  the  interfering  unbroadend 
scattered  light  (Fig.  4).  Unfortunately  the  major  part  of  the 
Rayleigh  signal  is  absorbed  as  well  and  only  the  shaded  part 
in  Fig.  4  can  be  detected. 
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Fig.  4  Frequency  distribution  of  the  scattered  light  and 
the  transmission  of  the  filter 


For  the  used  frequency  doubled  Nd:YAG  laser  molecular 
iodine  vapour  exhibits  the  proper  absorption  characteristics 
concerning  centre  wavelength,  halfwidth,  cut  off  steepness 
and  optical  depth  (Miles  et  al.  (1994)  and  Gerstenkom  and 
Luc  (1978)). 

3.1.  FRS  Broadening  Mechanisms 

Boley  et  al.  (1972)  defined  two  regimes  for  the 
broadening  of  the  Rayleigh  line. 

The  kinetic  regime  discribes  diluted  gases  where  the 
mean  fi-ee  path  of  the  molecules  is  large  compared  to  the 
wavelenght  of  the  irradiated  light.  The  light  is  scattered  by 
individual  and  undisturbed  molecules,  so  the  line  shape  of 
the  broadened  light  is  given  by  the  Gaussian  profile 
characteristic  for  Doppler  broadening  due  to  thermal  motion 
(Fig  5): 


Fig.  5  Frequency  distribution  of  the  scattered  light  for 
nitrogen  at  1  bar  and  300  K 


In  the  case  of  higher  densities,  the  so  called 
hydrodynamic  regime,  the  Rayleigh  scattering  is  due  to 
density  fluctuations,  and  thus  to  adiabatic  pressure 
fluctuations  and  the  fluctuation  of  entropy.  The  former 
fluctuations  propagate  and  give  rise  to  two  distinct,  shifted 
Brillouin  lines.  The  latter  fluctuations  do  not  propagate  and 
result  in  the  unshifted  component  of  the  Rayleigh  line.  The 
composed  line  shape  in  the  hydrodynamic  regime  is  given 
by  Kraft  (1995)  to: 
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with  the  thermal  diffiisivity  a,  the  speed  of  sound  Cg,  the 
sound  attenuation  Dg  and  the  isobaric  and  isochoric  heat 
capacities  Cp  and  Cy.  The  resulting  curve  in  Fig.  5  does  not 
show  distinct  Brillouin  peaks  as  they  merge  with  the 
unshifted  component  for  the  given  conditions. 

3.2.  Temperature  Determination  by  FRS 


Skin(q>ra)  =  [(251)°  Vqvojexp(-nj^  /2q\g) 

Here  Vq  is  the  speed  of  sound,  vs  is  the  frequency  shift 
relative  to  the  wavelength  Xq  of  the  incident  laser  and 
|q|  =  47msin(6/2)/Lo  is  the  wave  vector  (n:  the  index  of 
refraction,  0:  the  scattering  angle  between  irradiation 
direction  and  detection  path). 


As  in  conventional  Rayleigh  scattering  experiments,  the 
gas  phase  temperature  is  derived  from  measured  intensity 
distnbutions  for  isobaric  conditions  by  comparing  the 
scattered  intensity  If^^,  measured  e.g.  in  the  flame,  with  the 
intensity  scattered  by  a  known  gas  composition  under 
knovra  conditions  (T|q,  xj^,  oj^)  corrected  with  the 
background  intensity  Ig  for  detector  noise  and  flame 
luminosity  (e.g.  Fourguette  et  al.  (1986)  and  Kampmann 
(1994)). 
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Contrary  to  conventional  Rayleigh  scattering,  the 
effective  scattering  cross  sections  Oj  are  defined  by  the  ratio 
of  the  detectable  intensity  for  the  filtered  case  IpRg  to  the 
detectable  intensity  for  conventional  Rayleigh  scattering 
times  the  conventional  scattering  cross  section. 

„  ^FRS 

^Ray 

The  such  derived  FRS  scattering  cross  sections  depend 
on  temperature,  pressure,  composition  and  filter 
characteristics.  For  temperature  evaluation  the  first  formular 
in  this  section  is  split  into  two  ratios,  a  calculated  and  a 
measured  one. 

jk  £n  =  =  f(TM) 

Tn  <^m  1m 

4.  EXPERIMENTAL  ARRANGEMENTS 

The  diagnostic  techniques  described  above  have  been 
applied  to  laminar  diffusion  flames,  where  the  fuel  flow  in  a 
metal  tube  is  stabilised  by  an  air  coflow  in  an  outer  tube;  for 
the  FRS  experiments  the  flame  was  partly  premixed.  In  the 
case  of  the  LII  experiments  ethene,  for  FRS  methane  was 
used  as  fuel.  Different  burner  gases  have  turned  out  to  be 
necessary  at  the  present  state  of  the  development  of  either 
technique  and  the  technical  equipment  available,  as  on  the 
one  hand  the  weak  LII  signal  in  the  lightly  sooting  methane 
flame  prevents  reasonable  measurements  with  a  larger  time 
delay  and  on  the  other  hand  the  suppression  of  the  light 
scattered  fi-om  soot  particles  is  not  sufficient  in  the  strongly 
sooting  ethene  flames  for  the  FRS  technique. 

Both  kinds  of  measurements  were  performed  with 
irradiation  fi'om  a  frequency-doubled  Nd;YAG  laser  with  a 
pulse  duration  of  8  ns  (FWHM).  For  LII  a  light  sheet  is 
formed  with  an  height  of  approximately  15  mm  and  a 
minimum  thickness  of  about  300  pm  by  expanding  the 
beam  parallel  to  the  burner  axis  and  weakly  focusing  it  in 
the  perpendicular  direction  by  cylindrical  lenses.  For  a 
better  definition  of  the  light  sheet  rectangular  stops  were 
employed  close  to  the  burner.  For  FRS  the  same  light  sheet 
without  the  beam  stops  was  used.  Signal  observation  is 
performed  by  an  intensified  two-dimensional  CCD-camera 
aligned  perpendicularly  to  the  light  sheet  and  operated  with 
a  gate  width  of  20  ns. 

For  LII  both  a  short-pass  filter  with  a  cut-off  wavelength 
of  450  run  and  an  additional  mirror  for  532  nm  are  placed  in 
front  of  the  camera  objective,  resulting  in  a  complete 
suppression  of  elastic  scattering.  The  nominal  resolution  of 
the  detection  system  was  0.15  x  0.15  mm^.  TIRE-LII 
experiments  were  carried  out  with  delay  times  of  100  ns  and 


800  ns,  respectively.  For  either  LII  technique  30  frames 
were  averaged  at  a  given  time  in  order  to  reduce  noise,  and 
an  averaged  picture  without  laser  irradiation  was  subtracted 
in  order  to  account  for  the  natural  flame  luminosity. 

For  elastic  scattering  images  were  taken  with  the  help  of 
an  interference  filter  with  a  centre  wavelength  of  532  nm 
and  a  width  of  8  nm  (FWHM)  instead  of  the  filters  used  for 
LII.  Extinction  measurements  were  carried  out  with  a  HeNe 
laser  at  633  nm  where  the  beam  waist  was  reduced  to 
approximately  0.2  mm.  In  order  to  compensate  for 
fluctuations  in  laser  intensity,  an  additional  reference  photo 
diode  was  used.  The  accuracy  of  the  transmission  values 
obtained  in  this  way  is  estimated  to  be  about  0.2  -  0.3  %. 

For  FRS  measurements  an  interference  filter  with  a 
centre  wavelength  of  532  nm  and  a  width  of  8  nm  (FWHM) 
was  used  in  front  of  the  camera  to  suppress  flame  luminosity 
and  ambient  light.  The  filter  cell  is  a  230  mm  long  stainless 
steel  tube  with  windows  of  80  mm  diameter  at  both  sides. 
Cristalline  iodine  is  placed  into  a  side  arm  of  the  cell  and  the 
cell  is  evacuated  to  the  partial  pressure  of  iodine.  The  cell  is 
placed  into  the  detection  path.  Due  to  the  higher  distance  to 
the  flame,  the  effective  resolution  was  0.38  x  0.38  mm^. 

As  for  FRS  a  single  absorption  line  of  iodine  is  used,  the 
laser  has  to  have  a  strictly  single  mode  behavior. 
Furthermore,  the  laser  wavelength  has  to  be  tuneable  to  a 
strong  absorption  line  of  iodine.  By  using  an  external  seed 
laser,  the  host  laser  could  be  tuned  to  four  strong  absorption 
lines  by  temperature  control  of  the  seed  laser.  The  one  with 
the  least  detuning  of  the  gain  centre  frequency  was  chosen 
for  most  stable  performance  of  the  laser. 

5.  RESULTS  AND  DISCUSSION 

5. 1  Soot  Parameters  by  LII 

Figure  6a  shows  the  soot  volume  fraction  fy  for  a  height 
of  19  mm  to  34  mm  above  the  burner  exit,  as  it  was 
obtained  from  the  prompt  LII  signal  with  a  calibration  by 
comparison  to  the  integral  extinction  signal  at  20  mm.  In 
agreement  with  the  expected  behaviour  for  a  laminar 
diffusion  flame  an  annular  region  of  maximum  soot 
concentration  and  a  decrease  of  fy  due  to  oxidation 
processes  with  increasing  height  can  be  observed.  The 
comparison  of  volume  fractions  measured  by  LII  and  laser 
extinction  with  a  subsequent  tomographic  reconstruction 
shows  good  agreement,  also  for  different  heights. 

Primary  particle  sizes  determined  by  TIRE-LII  at 
acquisition  times  of  100  ns  and  800  ns  are  depicted  in 
Figure  6b,  which  in  the  annular  region  of  high  soot 
concentration  exhibit  a  fairly  constant  plateau  value  and  the 
expected  decrease  with  an  increasing  residence  time  due  to 
oxidation  processes.  There  remains  some  uncertainty, 
however,  regarding  the  absolute  values,  which  are  in  a  range 
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of  approximately  20  nm  to  80  nm  and  thus  slightly  larger  as 
they  have  been  reported  by  Dobbins  et  al  (1990)  for  other 
ethene  diffusion  flames.  This  may  be  due  to  the  lack  of 
knowledge  on  local  gas  composition  and  temperature,  which 
results  in  a  considerable  uncertainty,  as  discussed  above.  In 
order  to  reduce  uncertainties  due  to  local  temperature 
variations,  a  measurement  series  for  the  temperature  field 
has  been  started  at  our  laboratory,  based  on  the  pure 
rotational  CARS  technique,  as  described  by  Seeger  and 
Leipertz  (1996).  As  first  results  indicate,  the  temperature  in 
the  upper  region  of  the  flame  and  in  the  aimular  zone  of  a 
high  soot  concentration  are  in  part  well  above  the  1800  K 
assumed  throughout,  and  these  corrections  may  result  in 
reductions  of  particle  size  of  more  than  20  %  in  some 
instances. 


Fig.  6a  Map  of  soot  volume  fractions  f^  in  the  upper 
region  of  a  laminar  ethene  diffusion  flame. 

Fig.  6b  Primary  particle  sizes  dp  fi^om  TIRE-LII 
measurements. 

Combining  prompt  LII  and  elastic  scattering  information 
on  aggregate  size  D  may  be  deduced,  which  is  shown  in  Fig. 
7a.  Due  to  the  fact  that  an  independent  calibration  has  not 
been  performed  yet,  cluster  sizes  can  only  be  given  on  a 
relative  basis,  yet  a  decrease  of  cluster  size  can  be  observed 
with  increasing  residence  time. 

This  observation  is  consistent  with  the  concept  of  a 
decrease  of  primary  particle  size  which  is  only  partly 
balanced  by  an  increase  of  the  mean  number  n  of  monomers 
within  a  cluster.  This  quantity  may  be  derived  from  the  size 
information  obtained  by  the  combination  LII/ES  and  TIRE- 
LII,  respectively,  but  is  again  limited  to  give  a  relative 
information  due  to  the  lack  of  an  absolute  calibration 
standard  for  D.  Although  there  might  be  considerable 
experimental  error  in  this  quantity,  as  two  pictures  both  for 
TIRE-LII  and  the  LII/ES  combination  and  a  third  power  are 
involved,  the  expected  increase  can  be  observed  in  Fig.  7b. 


Fig.  7a  Relative  aggregate  sizes  D  from  the  combination 
of  prompt  LII  and  elastic  scattering. 

Fig.  7b  Relative  distribution  of  the  average  number  n  of 
monomers  within  a  cluster. 


5.2.  Calibration  of  FRS  with  Conventional  Rayleigh 
Scattering 

Temperature  measurements  in  a  non  sooting  methane-air 
flame  with  conventional  Rayleigh  scattering  and  FRS  were 
made  for  verification.  Unfortunately,  for  methane 
combustion  at  ambient  pressure  and  detection  of  FRS  in  the 
visible  neither  of  the  introduced  broading  mechansims  is 
strictly  applicable.  The  broadening  mechanism  for  that 
intermediate  regime  has  to  be  between  kinetic  and 
hydrodynamic  regime.  The  measurements  yielded,  as 
expected,  to  high  temperatures  with  the  kinetic  line  shape 
and  too  low  temperatures  with  the  hydrodynamic  line  shape. 
As  up  to  now  no  combined  theory  can  be  presented,  the 
measurements  on  the  non-sooting  flame  were  used  for 
calibration  of  the  FRS  technique  by  fitting  the  kinetic  model 
to  the  temperatures  measured  by  conventional  Rayleigh 
scattering  (Hofinann  et  al.  (1996)).  This  calibration  factor 
was  used  for  the  measurements  in  the  sooting  flame  as  well, 
as  the  relevant  factors  for  broadening  mechanisms  are  of  the 
same  order  for  both  cases.  The  deviations  in  the  FRS 
scattering  cross  sections  between  fl-esh  gas  and  exhaust  gas 
are  less  than  4  %  for  the  temperature  range  between  300  K 
and  2000  K. 

5.3.  FRS  in  a  Sooting  Flame 

FRS  measurementes  were  performed  in  a  weakly  sooting 
methane-air  flame.  From  the  volume  fluxes  of  the  feed 
gases  the  stochiometry  was  found  to  be  A.  =  0.09.  This  flame 
was  adjusted  such,  that  the  scattered  light  of  the  soot 
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particles  could  completely  be  filtered  out  by  the  present 
iodine  cell.  Even  though  the  flame  was  only  weakly  sooting, 
the  scattered  light  of  the  soot  particles  obscures  a  significant 
part  of  the  combustion  field  (Fig.  8)  and  limits  the  usable 
detector  dynamic. 


Fig.  8  Unfiltered  scattering  intensity  in  a  sooting  flame 


With  the  absorption  filter  in  the  detection  path,  the 
scattering  of  the  soot  particles  is  supressed  and  the 
undisturbed  temperature  field  can  be  derived  (Fig.  9).  The 
displayed  cross  sections  show  that  no  residuals  of  the  soot 
scattered  light  can  be  seen  in  the  temperature  distribution. 
The  crosses  in  Fig.  8  and  9  indicate  the  positions  where  the 
probability  density  functions  in  Fig.  10  were  taken.  They  lie 
within  the  hottest  detected  region  (PDFl)  and  the  region  of 
highest  soot  scattering  intensity  (PDF2).  The  PDFs  have 
been  calculated  from  25  single-shot  temperature 
distributions.  The  mean  temperatures  for  the  two  points  are 
found  to  be  1800  K  and  1656  K,  respectively. 


Fig.  9  Temperature  distribution  in  a  sooting  flame 
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Fig.  10  Temperature  probability  density  function  at  two 
selected  points  in  the  combustion  field 


6.  CONCLUSIONS 

It  has  been  shown  that  laser  induced  incandescence  data 
may  form  the  basis  for  a  comprehensive  description  of  soot 
in  combustion  processes,  where  a  two-dimensional 
information  of  soot  volume  fractions  and  particle  sizes  is 
required.  Time-resolved  LII  offers  the  chance  of  obtaining  a 
complete  map  of  monomer  sizes,  which  is  not  easily 
possible  by  any  other  technique  known.  Filtered  Rayleigh 
scattering  is  an  important  tool  for  temperature  measurements 
in  sooting  flames  and  can  provide  the  information  essential 
for  understanding  combustion  processes,  modelling  the 
formation  of  soot  and  also  for  accurate  measurements  of 
other  quantities,  such  as  primary  particle  size  by  means  of 
TIRE-LII. 

Regrettably,  mainly  technical  limitations  did  not  allow  to 
obtain  information  on  soot  parameters  and  temperature  in  a 
common  object  of  investigation  to  date.  Thus,  the 
outstanding  challenge  for  future  work  is  to  close  the  gap 
between  the  fields,  in  which  either  technique  can  be  utilised 
now.  Achievements  are  possible  by  the  use  of  more 
advanced  detection  systems  on  the  one  hand  and  filter  cells 
with  a  better  suppression  of  light  scattered  fi'om  soot  on  the 
other  hand.  With  these  tasks  solved  it  will  be  possible  to 
obtain  even  more  information  required  on  sooting  flames 
simultaneously. 
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Abstract 

Construction  and  performance  of  a  printed  circuit 
board  is  described  that  is  built  for  phase 
measurement  in  a  state-of-the-art  phase  Doppler 
system.  Special  requirements  in  treating  phase 
Doppler  signals  are  highlighted  and  shown  to  be 
met  satisfactorily  by  an  innovative  electronic 
design  that  involves  signal  burst  detection,  multi¬ 
bit  sampling,  frequency-band  narrowing,  and  phase 
signal  validation  based  on  integrated  amplitude  and 
waveform  recognition.  Performance  of  the  device 
is  measured  in  terms  of  phase  accuracy  for  various 
signal-to-noise  ratios,  signal  frequencies  and 
operating  temperatures.  The  present  device  is  also 
compared  with  some  alternative  techniques  for 
phase  measurement. 

1.  Introduction 

A  standard  phase/Doppler  system,  for  simultaneous 
measurement  of  particle  size  and  velocity,  is  shown 
in  Fig.  1.  The  output  beam  of  an  Argon-Ion  laser  is 
transmitted  to  the  beam  conditioning  optics 
(ColorBurst™  of  TSI),  where  the  laser  beam  is 
split  into  two  beams,  such  that  one  of  the  beams 
has  a  40  MHz  shift  in  frequency  relative  to  the 
other  one.  The  laser  beams  exiting  the  beam 
conditioning  assembly  are  coupled  into  single- 
mode  polarization  preserving  fibers,  connected  to 
the  transmitting  probe,  which  focuses  a  pair  of 
monochromatic  beams  to  intersect  and  produce 
interference  fringes  in  a  small  volume.  These 
fiinges  move  with  a  frequency  of  40  Mhz. 

The  particles  under  investigation  scatter  light  as 
they  cross  the  fringes.  This  light  is  collected  by  the 
phase/Doppler  receivers  and  coupled  to  multi- 
mode  fibers  attached  to  them.  These  optical  signals 
are  transported  to  the  transducer  module 
(ColorLink™  of  TSI),  where  they  are  converted 
into  electrical  signals  using  photomultipliers.  The 
electrical  signals,  which  have  a  carrier  frequency 
of  40  MHz,  are  further  conditioned  using  filters 
and  downmixers,  so  that  the  signal  pedestal  is 
removed,  noise  is  suppressed  and  signal  frequency 


is  brought  into  a  desirable  range.  A  transducer 
module  designed  for  phase/Doppler  applications 
employs  common  oscillators  for  downmixing 
various  phase  shifted  signals,  so  that  the  phase 
difference  between  the  signals  is  unaffected. 

The  downmixed  signals  are  transferred  to  the 
signal  processor,  where  phase  and  frequency 
measurements  are  conducted  in  parallel,  in  order  to 
measure  particle  size  and  velocity  respectively. 
The  operating  principle  of  the  frequency 
processors  under  consideration  (i.e.  IFA  755  &  655 
of  TSI)  is  described  in  detail  by  Jenson  (1990, 
1992).  This  processor  consists  of  a  burst  detector 
and  a  double-clipped  auto-correlator.  Single-bit 
digital  auto-correlation  is  used  to  isolate  the  signal 
from  the  noise  and  to  determine  the  signal 
frequency. 

The  auto-correlation  process  is  made  most 
effective  by  guiding  it  with  the  burst  detector  that 
continuously  monitors  the  coherence  in  the 
electrical  input  to  the  processor,  so  that  it 
determines  the  beginning  and  the  end  of  a  signal 
and  provides  this  information  as  a  burst  gate.  It 
also  ascertains  the  optimal  sampling  rate  for  a  fixed 
number  (i.e.  256)  of  samples,  so  that  there  are 
always  10-20  samples  per  cycle  (5-10  samples  per 
cycle  for  the  frequencies  exceeding  50  MHz)  of  the 
signal. 

Optimization  of  the  sampling  rate  is  important,  as  a 
lower  than  optimal  sampling  rate  would  result  in 
too  few  samples  per  cycle,  whereas  an  excessively 
large  sampling  rate  would  lead  to  too  few  cycles 
per  burst.  The  optimal  sampling  rate  is  provided  as 
a  4-bit  output,  referred  to  as  the  burst  code. 

The  phase  detector  uses  the  burst  gate  and  the  burst 
code  to  optimize  the  measurement  of  phase  lead  of 
the  first  phase/Doppler  signal  relative  to  the  second 
phase/Doppler  signal,  as  illustrated  in  Fig.  2.  Two 
such  phase  detectors  can  be  housed  in  a  standard 
IFA  processor. 
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Figure  1 :  A  standard  phase  Doppler  setup 


2.  Phase  Measuring  Hardware 
The  phase  detector  is  built  as  a  printed  circuit 
board  and  is  included  in  IFA  signal  processors 
configured  for  phase/Doppler  systems  (APV). 
Hereafter,  this  phase  measuring  device  will  be 
referred  to  as  APV  Board.  It  combines  several 
techniques  to  obtain  accurate  phase  measurements 
on  LDV  type  (i.e.  burst-like)  signals  with  low 
SNR. 

The  first  APV  signal  is  sent  to  a  velocity  channel 
as  well  as  the  APV  Board.  The  velocity  channel 
(see  Fig.  2),  delivers  the  burst  gate  and  an  estimate 
of  signal  frequency  back  to  the  APV  Board. 


The  APV  Board  uses  an  8-bit  A/D  converter  for 
phase  measurements.  Using  multi-bit  A/D 
conversion,  the  sinusoidal  waveform  of  the  signals 
is  preserved,  which  significantly  enhances  the 
resolution  of  the  phase  measurement  in  the  present 
device. 

The  sampling  process  of  these  A/D  converters  is 
controlled  by  the  burst  gate  and  the  frequency 
estimation  code  generated  by  the  burst  detector. 
Signals  are  digitized  at  a  sampling  rate  of  5-10 
samples  per  cycle  and  transferred  to  a  first-in-first- 
out  (FIFO)  memory. 
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Figure  2:  Schematic  diagram  of  the  APV  Board 


After  the  burst  gate  has  ended,  data  from  the  FIFOs 
is  read  out  and  converted  back  to  an  analog  signal 
to  allow  fast  processing.  The  digitized  data  is  read 
at  a  fixed  rate  of  40  MHz.  Since  the  data  was 
originally  sampled  at  5-10  samples  per  cycle,  the 
reconstructed  analog  waveform  has  a  frequency  of 
4  to  8  MHz,  regardless  of  the  input  frequency. 

Since  the  signals  used  to  determine  phase  are  now 
narrow  band,  there  is  less  susceptibility  to  phase 
errors  as  the  phase  detectors  can  be  optimized  for  a 
narrow  (one  octave)  range.  This  technique  has  led 
to  TSFs  patent  on  frequency  translation,  see 
Evenstad  (1995). 

During  frequency  translation,  waveform 
discrimination  is  performed  and  is  very  precise 
since  it  is  done  in  the  digital  domain  over  a  single 
octave  bandwidth.  The  waveform  discriminator 
monitors  the  digitized  signals  for  minimum  power 
level,  sinusoidal  shape  and  a  minimum  of  16 
cycles.  In  order  to  validate  the  phase  measurement, 
each  input  signal  must  have  a  qualifying  burst. 

Finally,  the  measured  phase  value  is  10-bit 
digitized  and  placed  in  the  output  buffer.  The 
phase  shift  measurement  is  completed  prior  to  the 
frequency  measurement  and  resides  in  the  output 
buffer  until  the  frequency  measurement  is 
available.  Phase  and  frequency  measurements  are 
combined  and  delivered  to  the  computer  along 
with  other  auxiliary  data. 


3.  Principle  of  Operation 

The  Basic  Concept 

As  shown  in  Fig.  2,  the  reconstructed  signals  are 
provided  to  the  zero-crossing  detectors.  Output  of 
each  zero-crossing  detector  is  logic  high  for  analog 
values  above  zero  volts  and  logic  low  for  analog 
values  below  zero  volts. 

The  output  of  both  the  zero-crossing  detectors  is 
presented  to  a  pulse-width  modulator  (PWM).  The 
output  of  this  device  turns  to  logic  high  on  the 
rising  edge  of  the  first  signal  and  switches  to  logic 
low  on  the  rising  edge  of  the  second  signal,  as 
shown  in  Fig.  3.  The  occurrence  of  high-level 
increases  consistently  with  the  increasing  lead  of 
the  first  signal  relative  to  the  second  signal. 

Since  the  maximum  amplitude  of  PWM  is  fixed, 
the  integrated  value  of  the  amplitude  over  a  certain 
number  of  cycles  is  proportional  to  the  phase  shift. 
Hence,  an  integrator  circuit  follows  the  PWM  on 
APV  Board.  The  integrator  essentially  delivers  a 
low-pass  filtered  value  of  the  PWM  output. 

Phase  Resolution  near  0  and  360° 

The  above  discussion  was  based  on  the  assumption 
that  the  output  of  a  zero-crossing  detector  is  a 
perfect  square  wave.  In  practice,  the  rising  and 
falling  edges  of  this  signal  have  finite  widths,  so 
that  the  phase  measurement  based  on  a  single 
PWM  is  not  reliable  near  0  and  360°. 

Accurate  measurement  of  phase  shift  over  the 
entire  range  of  0-360°  is  accomplished  in  APV 
Board  by  using  three-phase  detectors;  i.e.  two 
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pulse-width  modulators  and  one  exclusive  OR  PWMI  is  used  only  for  measuring  phase  shifts  in 
gate.  The  operation  of  the  first  pulse-width  the  range  [90°-270°]. 
modulator  (PWMI)  is  already  discussed  above. 
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Figure  3:  Pulse-width  modulator  and  integrator 


A  second  pulse-width  modulator  (PWM2)  is  used 
to  measure  the  phase  shift  between  the  first  signal 
and  the  inverse  of  the  second  signal,  so  that  the 
output  of  PWM2  is  shifted  by  180°  relative  to 
PWMI.  As  illustrated  in  Fig.  4,  PWM2  provides  a 
stable  output  in  the  ranges  [0°-90°]  and  [270°- 
360°].  Instabilities  are  encountered  near  180°,  as 
output  of  PWM2  switches  from  high  to  low. 

To  determine  whether  PWMI  or  PWM2  should  be 
used,  a  third  phase  detector  is  used,  which 
performs  the  exclusive  OR  (XOR)  function 
between  the  two  signals  and  integrates  the  output. 


The  integrated  value  is  highest  when  there  is  a 
180°  phase  shift  between  the  signals,  because 
either  the  first  or  the  second  signal  is  high  all  the 
time.  As  shown  in  Fig.  4,  the  integrated  output  of 
XOR  decreases  as  the  phase  shift  differs  from  180° 
and  reaches  zero  for  phase  shifts  of  0°  or  360°.  As 
long  as  the  XOR  output  voltage  lies  above  a 
threshold  V^,  the  phase  shift  between  the  APV 
signals  lies  in  the  range  [90°-270°]  and  PWMI  is 
used  for  phase  measurement.  As  the  output  of 
XOR  falls  below  V^,  PWM2  is  used  for  phase 
measurement. 
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Figure  4;  Detector  voltages  versus  phase  shift 
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Stahilizim  the  Pulse  Height 
Since  the  integrated  amplitude  is  used  for  phase 
measurement,  the  accuracy  of  the  measurement 
depends  upon  how  well  the  amplitude  of  the  PWM 
output  is  stabilized.  The  amplitude  (H)  must  be 
invariant  over  frequency,  temperature  and  time  to 
obtain  accurate  values  of  the  burst-averaged  phase 
shift. 

The  output  of  the  phase  detectors  show  variations 
in  the  calibration  if  a  large  range  of  frequencies  is 
involved.  However,  this  uncertainty  is  eliminated 
in  the  APV  Board  by  narrowing  the  frequency 
band  to  one  octave  prior  to  phase  measurement. 

Another  proprietary  technique  allows  to  further 
stabilize  the  PWM  output  and  makes  it  insensitive 
to  variations  in  the  operating  temperature  and 
supply  voltage. 

4.  Experimental  Evaluation 

The  APV  Board  was  evaluated  experimentally  with 
signals  of  varying  SNR.  The  SNR  was  defined  as 
the  ratio  of  the  variance  of  the  signal  to  the 
variance  of  the  noise.  It  is  understood  that 
somewhat  different  definition  of  SNR  may  have 
been  used  in  other  studies.  In  order  to  compare  the 
performance  of  APV  Board  with  alternative 
techniques,  a  reference  scheme  of  signal 
processing  was  also  applied  to  the  same  signals 
that  were  processed  by  APV  board.  The  reference 
measurements  were  conducted  with  a  4-bit  FFT 
scheme  as  discussed  by  Host-Madsen  (1995). 

For  generating  noisy  signals,  the  NoiseCom  Model 
NC-6110  noise  generator  was  used.  This  is  a 
wideband  (100  Hz  -  1.5  GHz)  white  noise  source. 
Phase  shifted  signals  were  generated  on  the 
Tektronix  AFG2020  Synthesized  Arbitrary 
Function  Generator.  The  wideband  (DC  -  1.5 
GHz)  Mini-Circuits  Model  CAT-6  attenuators  were 
used  to  achieve  the  various  SNR  levels.  An 
oscilloscope  was  used  to  capture  the  data  for  the 
FFTs. 

The  test  was  performed  on  the  1—10  MHz  filter 
range  of  the  IFA  755.  A  TSI  Model  1982  bandpass 
filter  box  was  connected  to  the  output  of  the  noise 
generator  and  set  to  a  1—10  MHz  bandwidth.  This 
filter  is  a  5-pole  LeGendre  type  and  has  much 
steeper  cut-off  than  the  APV  Board’s  3-pole  Bessel 
filters.  The  use  of  this  filter  allowed  more  accurate 


calculations  of  actual  SNR.  The  data  used  for  the 
FFT  calculations  was  identical  to  that  used  by  the 
APV  Board. 

The  signal  frequency  was  7  MHz,  with  phase  set  to 
180°  between  the  two  channels.  Since  the 
oscilloscope  was  set  to  sample  at  250  MHz,  the 
number  of  samples  per  cycle  for  the  FFT  was 
250/7  =  35.7. 

The  results  are  presented  in  Fig.  5  as  standard 
deviation  of  error  in  the  phase  measurement  versus 
signal  SNR  level.  The  FFTs  were  performed  on 
256-sample  records  and  fifty  different  records  were 
used  to  compute  the  standard  deviation.  All  the 
quantization  levels  of  the  4-bit  sampler  were  used 
to  cover  the  peak-to-peak  variation  in  the  signal 
amplitude. 

For  high  SNR  signals  the  APV  Board  provides  a 
standard  deviation  of  0.83°  which  is  better  than  the 
standard  deviation  of  1.26°  (0.022  radian)  reported 
for  an  alternative  analog  processor  (Host-Madsen, 
1995).  Also,  as  compared  to  the  reference  case  of 
4-bit,  256-sample  FFT,  APV  Board  performs  well 
with  low  SNR  signals. 

5.  Conclusions 

APV  board  for  measuring  phase  shift  between  two 
burst-like  signals  is  introduced.  This  device  is 
compatible  with  the  digital  correlator  (IFA  series) 
that  was  introduced  earlier  for  measuring 
frequencies  of  LDV  signals.  The  combined  system 
enables  phase/Doppler  measurements.  The  IFA 
signal  processor  uses  a  burst  detector  to  determine 
the  beginning  and  the  end  of  the  btust  and  to  obtain 
the  optimal  sampling  rate.  The  optimally-sampled 
central  portion  of  the  burst  (with  highest  SNR) 
undergoes  an  auto-correlation  for  determining  the 
signal  frequency. 

Simultaneously,  each  APV  board  performs  a  phase 
shift  measurement  between  a  pair  of  signals.  The 
optimal  sampling  enables  translation  of  all  the 
signal  frequencies  to  a  single  octave.  This 
characteristic,  combined  with  other  mnovative 
features,  enables  an  accurate  measurement  of  the 
phase  shift.  Experimental  evaluation  has  shown 
that  the  performance  of  this  device  is  at  least 
comparable,  and  under  some  conditions,  better 
than  the  alternative  devices  used  for  phase  shift 
measurements  in  a  phase  Doppler  system. 
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Figure  5;  Effect  of  SNR  on  the  standard  deviation  of  the  measured  phase  shift 
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Abstract 

The  phase  centroid  of  an  aperture  used  in  a 
phase/Doppler  velocimeter  (PDV)  is  introduced.  It  is 
defined  as  the  point  detector  whose  phase  response  is 
identical  to  the  finite-area  aperture  of  PDV.  The  phase 
centroid  is  fixed  only  for  certain  aperture  shapes  and 
certain  particle  size  ranges.  Guidelines  are  provided  to 
obtain  a  spatially  invariant  phase  centroid. 

It  is  also  shown  that  displacement  of  the  phase  centroid 
with  the  particle  size  can  be  used  to  advantage,  so  as  to 
extend  the  size  range  of  a  system  without  sacrificing  its 
sensitivity  to  sizing  small  particles.  Using  special 
aperture  shapes,  the  phase-diameter  relationship  may  be 
made  non-linear  (even  if  the  corresponding  point 
detectors  have  a  linear  response),  so  as  to  have  a  high 
sensitivity  for  small  particles  and  reduce  it  gradually  to 
cover  a  large  size  range  within  360°  range  of  phase  shift. 
This  arrangement  leads  to  a  rather  uniform  percent-of- 
the-reading  sensitivity  of  the  system.  Furthermore,  the 
ambuiguity  associated  with  the  particle  trajectory  can  be 
suppressed  using  shaped  apertures. 

1  The  Basic  Formulation 

A  receiving  aperture  with  an  arbitrarily  varying  width 
is  considered  in  Fig.  1,  where  x^,-axis  is 
perpendicular  to  the  scattered  fringes  and  has  its  origin 
in  the  plane  of  symmetry  of  the  phase  Doppler  system. 
The  scattered  light  signal  collected  by  a  segment  of 
thickness  dx^,  may  be  expressed  as 
dP^  =  w(x^)[l  +  cos{(i)ot  +  ,  (1) 

where  is  a  constant  that  has  units  of  intensity. 
Assuming  that  the  scattered  fringe  spacing  is  uniform 
for  a  given  particle  diameter,  the  signal  phase  Ad>  is  the 
phase  shift  for  a  point  detector  at  Xj  and  is  given  as 

Ad)  =  InXjfjsj-  .  (2) 


In  most  of  the  PDV  processors,  the  signals  are  high-pass 
filtered  prior  to  measurement  of  phase  shift  and 
frequency,  so  that  the  signals  can  be  represented  by  Eq. 
(3)  without  the  first  term  on  the  right-hand  side.  Hence, 
the  amplitude  of  fluctuation  F  represents  the  signal 
strength  as  seen  by  the  processor. 


Figure  1 ;  Arbitrary  shaped  aperture 


The  total  phase  shift  Ad)  is  represented  by 

sinA$  =  -^  \w{x^)s\n{l-xx^lsj)dx^  (6) 

and 

cos  AO  =  ''fw(x^,)cos(2roc^,/Sj.)c6c,, .  (7) 


The  signal  -visibility,  defined  as  the  ratio  of  the 
fluctuation  amplitude  to  the  signal  pedestal,  may  be 
expressed  as 


T^{x,)dx, 


(8) 

The  phase  difference  between  two  symmetrically  located 
receivers  (see  the  preceding  paper  by  Evenstad  et  al.  in 
these  proceedings)  is  given  as 

Ad),3=2AO.  (9) 


The  total  scattered  light  signal  is  obtained  by  integrating 

Eq.  (1)  over  the  entire  aperture,  so  that 

/(,  =  ?  +  F'cos(o)ot  +  Ad)),  (3) 

where  P  and  F  are  the  pedestal  and  the  amplitude  of 
fluctuation  respectively.  These  are  given  as 

P=Cp  Jwixjdx^,  (4) 


For  small  values  of  phase  angles,  i.e.  for  large  or 
small  particles, 

Ad)«27tJ,/Sj.,  (10) 

where  3c.,  represents  the  geometrical  centroid  of  the 
aperture,  given  by 


(11) 


The  phase-diameter  relationship  represented  by  Eqs.  (10) 
&  (1 1)  is  obtained  by  representing  the  tangent  and  sine 
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of  small  angles  by  the  angles  themselves  and  setting  the 
cosine  to  1 .  Similarly,  using  first  two  terms  in  the  power 
expansion  of  sine  and  cosine  functions  the  signal 
visibility  may  be  expressed  as 


K=l-2i 
where 


f  -\^ 

7t 


mio 


(12) 


(13) 


Clearly,  visibility  approaches  1  with  decreasing  particle 
diameter  (i.e.  increasing  Sj  )  and  narrowing  aperture 
width  along  -axis. 


Comparing  Eq.  (10)  with  (2),  the  phase  shift  for  the 
finite  aperture  is  identical  to  that  of  a  point  detector  at 
the  centroid  of  the  aperture.  For  small  particles,  the 
phase  centroid  of  a  finite  aperture  is  represented  by  the 
geometrical  centroid  of  the  aperture  regardless  of  its 
shape. 

The  phase-diameter  curve  is  initially  a  straight  line  and 
is  represented  by  a  fixed  point  detector.  However, 
according  to  Eqs.  (6)  &  (7),  location  of  the  effective 
point  detector  may  vary  with  the  particle  diameter  for 
larger  values  of  .  Equations  (6)-(8)  for  phase  and 
visibility  are  solved  in  the  following  sections  for  certain 
standard  aperture  shapes. 

2  Rectangular  Apertures 


where  n  =  0, 1, 2,  •  •  • . 


A  phase  jump,  as  pointed  out  by  Naqwi  &  Durst  (1991), 
occurs  at  the  integer  values  of  .  According  to  Eq. 

(16),  the  signal  visibility  vanishes  at  the  point  of  each 
phase  jump.  For  very  small  particles  (or  large  s^  ),  the 
phase  centroid  is  fixed  and  coincides  with  the 
geometrical  centroid.  It  is  shifted  down  abruptly  by 
Sj[2  at  (2K  +  l)th  phase  jump  and  shifted  up  at 
2(«+  l)thjump. 


With  increasing  particle  diameter  (i.e.  decreasing  Sj  ) 
the  first  phase  jump  occurs,  when  the  scattered  fringe 
spacing  Sj  reaches  the  thickness  of  the  aperture  Ax^  . 
Under  this  condition,  the  receiving  aperture  is 
continuously  exposed  to  a  complete  scattered  bright 
fringe  and  a  complete  dark  fringe.  Hence,  the  total 
amount  of  light  collected  by  the  receiver  is  unaffected  by 
the  motion  of  the  scattered  fringes.  Consequently,  the 
collected  scattered  light  does  not  exhibit  any  oscillations, 
which  is  manifested  as  zero  visibility. 
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Figure  2:  Response  of  a  rectangular  aperture 


A  rectangular  aperture  is  characterized  by  the  constant 
value  of  the  width  w(x^) ,  so  that  the  integrals  in  Eqs. 
(6)-(8)  are  easily  evaluated.  The  results  can  be  expressed 
as  follows: 


sinAd)  oc  sin(27rx,,/s^)sin(7rAXj/5^) ; 
cosAdb  oc  cos(27tx^/s^)sin(TrAx^/y^) ; 
and 


71  Ax^,  I 

where 

~  ^Attax~ 


(  \ 

ttAx  . 

TtAx, 

sin 

— 

= 

sine 

- — 

1  J 

1  "/  J 

(14) 

(15) 

(16) 
(17) 


According  to  Eqs.  (14)  &  (15),  phase  shift  can  be  given 
by  an  equation  of  the  form  (10),  provided  that  the 
second  factor,  i.e.  the  common  factor,  on  the  right-hand 
side  of  Eqs.  (14)  &  (15)  has  a  positive  sign.  Otherwise, 
the  phase  is  shifted  by  180°;  i.e. 

AO  =  Inx^lsj.  for  2ns^  ^  Ax^  <  (2n  +  l)s^  (18) 
and 


TX.  27tx , 

AO  = - ^  -  7t  = 


271  (_ 


for 


(2n  +  l)s,  <  Ax^  <  2{n  +  l)s. 


(19) 


As  the  scattered  fringe  spacing  reduces  below  the 
aperture  height,  the  receiving  aperture  may  be 
considered  as  being  composed  of  two  segments;  i.e.  the 
effective  and  the  ineffective  segments.  The  height  of  the 
ineffective  segment  equals  the  scattered  fringe  spacing, 
so  that  it  does  not  contribute  to  the  oscillations  in  the 
signal.  The  remaining  aperture  constitutes  the  effective 
segment,  which  is  responsible  for  modulation  of  the 
signal.  The  geometrical  centroid  of  the  effective  segment 
may  be  regarded  as  the  phase  centroid  of  the  aperture,  as 
shown  in  Fig.  2.  Equation  (19)  is  based  on  the 
assumption  that  the  ineffective  segment  occupies  the 
upper  portion  of  the  aperture,  so  that  the  phase  centroid 
is  shifted  down  after  the  phase  jump.  Alternatively,  the 
ineffective  segment  could  be  considered  as  occupying 
the  lower  part  of  aperture.  This  would  result  in  an 
upward  shift  in  the  phase  centroid.  The  two  alternative 
descriptions  lead  to  phase-diameter  relations  that  differ 
by  a  complete  cycle,  i.e.  27t  radians. 

After  the  second  phase  jump,  a  second  ineffective 
segment  may  be  identified.  According  to  the  formulation 
of  Eqs.  (18)  &  (19),  an  ineffective  segment  appears  in 
the  upper  part  of  the  aperture  at  each  odd  numbered 
phase  jump  and  in  the  lower  part  at  the  even  numbered 
phase  jumps. 
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With  decreasing  Sj  ,  a  portion  of  the  receiving  aperture 
is  "blinded"  as  it  collects  a  fixed  amount  of  light  despite 
the  motion  of  the  scattered  fringes.  Such  ineffective 
segments  appear  abruptly  in  the  case  of  a  rectangular 
aperture,  because  the  shape  of  the  aperture  agrees  with 
the  shape  of  the  scattered  fringes.  In  the  case  of  a  non- 
rectangular  aperture,  the  ineffective  segments  emerge 
gradually;  i.e.,  the  phase  centroid  is  shifted  gradually. 
Consequently,  the  signal  visibility  does  not  vanish 
completely. 

In  the  case  of  a  rectangular  aperture,  it  seems  most 
appropriate  to  design  the  aperture,  such  that  the  entire 
size  range  of  interest  lies  in  the  first  lobe  of  the  visibility 
curve,  so  as  to  avoid  the  zero  visibility  condition.  As  a 
consequence,  it  suffices  to  treat  the  geometrical  centroid 
as  the  phase  centroid.  In  the  earliest  phase  Doppler 
systems,  the  receiving  apertures  were  nearly  rectangular. 
This  has  been  the  reason  for  ignoring  the  shifts  in  the 
phase  centroid  in  the  early  works  on  the  technique. 

As  shown  in  the  following  section,  the  shifts  in  the  phase 
centroid  —  in  the  case  of  non-rectangular  apertures  — 
may  be  substantial  and  may  occur  gradually  with 
increasing  particle  diameter. 

3  Trapezoidal  Apertures 

A  trapezoidal  aperture  has  the  simplest  shape  that  offers 
a  variable  width  w(x^,).  Response  of  this  aperture  is 
examined  to  illustrate  the  gradual  shifts  in  the  phase 
centroid  that  may  occur  with  increasing  particle  size. 


■^^sin  Acp  =  H'„[cos(27tx^„,  Ji/)-  cos(27ux^„„„/i^)] 

CjiSj 

+  ■Sw[^.lmx<COs(27CX^„„/j/)  -  cos(2jcx^„i„/j^)] 

-  ^[sin(27:x,,„„/i/)  -  sin(2itx^„i„/j^)] 

Z%  '■ 

(21) 


Similarly,  by  substituting  Eq.  (20)  into  Eq.  (7),  the 
cosine  of  the  phase  shift  is  expressed  as 

•^^cos  AO  =  w„[sin(27tx^„„/5^)  -  sin(27tx^„i„/iy  )] 

CpSy 

-  ^[cos(27tx^„„/iy )  -  cos(2nx^„.„/ iy )] 

(22) 

The  above  relations  can  be  reduced  to  Eqs.  (14)  &  (15) 
for  =  0 ;  i.e.  a  rectangular  aperture. 

For  a  trapezoidal  aperture,  the  signal  pedestal  as  given 
by  Eq.  (4)  reduces  to 

P  =  •  (23) 


It  may  be  noticed  that  the  response  of  a  trapezoidal 
aperture  may  be  expressed  in  terms  of  three  independent 
parameters;  i.e. 

A  triangular  aperture  may  be  defined  by 
assigning  the  values  of  0  and  1  to  the  second  and  third 
parameter  respectively.  The  phase  shift  for  this 
triangular  aperture  is  examined  below. 


For  the  triangular  aperture,  Eqs.  (21)-(23)  are  reduced  to 
the  following  relations: 

-  sin  AO  =  1  -  sinc{37t  ) ;  (24) 


C^SyW,, 


2nF  —  l-co{3nd;) 
-cosA<P  =  - 


CpJyWo 


3ndl 


P==CpW„x^^j2. 


(25) 

(26) 


Using  Eqs.  (24>-(26),  the  signal  visibility,  as  defined  by 
Eq.  (8),  is  expressed  as 


The  width  of  a  trapezoidal  aperture,  as  shown  in  Fig.  3, 
is  given  by 

w(x^)  =  Wq  ’  -^.4  min  “  ~  ^Anax  ’  (20) 

where  S  0 ,  Wj,  ^  0  and  in  the  case  of  positive  , 
x^^^<wjs,..  In  limiting  cases  this  aperture  may  be 
reduced  to  a  triangle  or  an  inverted  triangle  with  its 
vertex  in  the  plane  of  symmetry. 

Substituting  Eq.  (20)  into  Eq.  (6),  the  following 
expression  is  obtained  for  the  sine  of  the  phase  shift: 


2j9%^d'/  +  2(1  -  cos35trf;)  -  67tc?;  sin37trf; 

V  =  -  ,  .2 - -  '  I 

9ied]^ 

where  the  non-dimensional  particle  diameter 

(28) 

The  symbol  x^  represents  the  geometrical  centroid  of 
the  triangular  aperture,  so  that  =  x^^J3  . 

The  non-dimensional  diameter  would  be  1  for 
A<I>i2  =  360°  ,  provided  that  the  phase  centroid  is  fixed  at 
the  geometrical  centroid,  i.e.  the  initial  slope  of  the 
phase-diameter  curve  is  maintained.  The  size  range 
0  <  rf*  <  1  will  be  hereafter  referred  to  as  the  nominal 
size  range.  As  shown  later,  shaped  apertures  allow  the 
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360°  limit  to  be  deferred  to  a  larger  value  of  d'^  ,  such  centroid,  i.e.  =  1  .  It  shifts  towards  the  plane  of 
as  3.  symmetry  with  the  increasing  particle  diameter. 


According  to  Eq.  (2),  location  of  the  phase  centroid 
is  given  by 


Ad)  Ad) 

- = - rXj 

2n  ^  Sndl  '' 


(29) 


Since  relationship  between  the  phase 

centroid  and  the  geometrical  centroid  may  be  expressed 
as 


(30) 


Figure  4  shows  the  phase  shift,  visibility  and  the 
centroid  location  for  the  triangular  aperture. 


Figure  4:  Response  of  the  triangular  apertures 

The  phase  shift  between  a  pair  of  triangular  apertures 
saturates  within  the  nominal  size  range  and  oscillates 
below  180°.  As  obvious  from  Eq.  (25),  Ad)  is  90°  for 
=2/3, 4/3,2, ,  as  the  cosine  of  Ad)  vanishes  at 
these  points.  Consequently,  Ad),^  is  1 80°  at  the  above 
values  of  .  It  is  also  clear  from  Fig.  4  as  well  as  Eqs. 
(24)  &  (25)  that  the  limiting  value  of  phase  shift  for  very 
large  diameters  is  180°. 

According  to  Fig.  4,  signal  visibility  decreases  gradually 
for  a  triangular  aperture  but  does  not  vanish  completely. 
The  phase  centroid  is  initially  located  at  the  geometrical 


Fig.  4  also  includes  the  case  of  triangular  apertures  that 
are  separated,  so  that  =  0.03 ,  which 

corresponds  to  the  experimental  setup  discussed  in 
Sec.  6  below. 


4  Aperture  Shape  for  an  Arbitrary  Response  Curve 

The  above  discussion  clearly  shows  that  nonlinear 
phase-diameter  relationships  can  be  obtained  using 
aperture  shapes  that  are  significantly  different  from  a 
rectangle.  Nonlinear  response  curves  are  desirable  for 
the  following  reasons: 


(i) 

(ii) 


(iii) 


To  extend  the  size  range,  while  maintaining  a 
high  sensitivity  to  small  particles; 

To  obtain  a  uniform  percent-of-the-reading 
sensitivity,  i.e.  an  invariant  value  of 


42Ad)j 


(31) 


for  a  pair  of  symmetric  receivers; 

To  eliminate  the  27i  ambiguity  by  ensuring  that 
the  phase  shift  does  not  exceed  360°. 


In  order  to  meet  the  above  requirements,  one  needs  to 
solve  the  inverse  problem,  i.e.  to  calculate  the  aperture 
shape  w(x^,)  for  a  given  phase-diameter  relationship 

Ad)(<5?^).  By  multiplying  Eq.  (6)  with  -Ta  and  adding 

to  Eq.  (7),  the  integral  can  be  expressed  in  the  following 
form 


exp[/  A<d(c1;  )]  =  J  w'  (x*  )  exp(27t;£f;x;,  )dx\  ,  (32) 


where  the  non-dimensional  particle  diameter  is  defined 
by  Eq.  (28).  Furthermore,  non-dimensional  aperture 
width  and  height  are  introduced  that  are  defined  as 
below: 


2x  ,Cp 


F 


-w, 


(33) 


(34) 


Note  that  the  distance  along  x^,-axis  is  normalized  with 
the  spacing  between  the  geometrical  centroids  of  the  two 
symmetrically  located  apertures.  The  above  formulation 
allows  one  to  treat  the  relationship  between  the  aperture 
and  the  response  curve  as  a  Fourier  transform. 

In  order  for  w‘  to  be  real,  the  left-hand  side  of  Eq.  (32) 
must  exist  for  both  the  positive  and  negative  values  of 
cf’  and  must  satisfy  the  following  relationship  (see  Press 
^1.  (1986),  Chap.  12): 

A<D(-j;)  =  -A®(rf;).  (35) 


Negative  particle  diameter  is  a  mathematical  artifact  that 
allows  one  to  make  use  of  the  Fourier  transform  for 
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solving  the  inverse  problem.  Inverting  the  transform  in 
Eq.  (32), 

J  exp[/A<E)(^f‘)]exp[-2TO'tf'jc*y(^^').  (36) 

It  may  be  noticed  that  w’(x^)  is  a  delta  function  if  the 

phase-diameter  relationship  is  linear;  i.e.,  the  above 
formulation  readily  allows  to  recover  the  point  detector 
arrangement. 

For  some  phase-diameter  relations,  the  corresponding 
function  may  become  negative  for  certain  values 

of  x'  ,  indicating  that  a  realizable  aperture  shape  does 
not  exist.  However,  the  exponential  response  curve, 
discussed  below  relates  to  a  realizable  aperture. 

Various  desirable  features  of  a  non-linear  response  curve 
discussed  above  are  met  closely  by  an  exponential 
function  of  the  following  form: 

A®  =  7r(l-e'‘''),  for  dl>Q.  (37) 


of  the  lognormal  function  are  shifted  arbitrarily.  Such  a 
function  may  be  expressed  as 


0  32  64  96  128 


Aperture  width,  arbitrary  units 


This  function  eliminates  the  27t  ambiguity  by  confining 
the  phase  shift  to  ti  for  a  single  detector;  i.e.  the  phase 
shift  between  two  symmetric  receivers  would  be 
restricted  to  27t. 

The  percent-of-the-reading  sensitivity  for  the  above 
response  curve  is  obtained  by  substituting  Eq.  (37)  in 
Eq.  (31),  so  that 

5^,[deg./%]  =  3.6dl .  (38) 

Although  is  not  constant,  it  varies  slowly  and 
remains  above  0.5°  per  %  in  the  range  0.2  <  cf'  <  3 .  The 
largest  value  of  is  about  1.32°  per  %  and  occurs  at 

By  extending  the  phase-diameter  relationship  of  Eq.  (37) 
to  the  negative  diameters,  in  accordance  with  Eq.  (35),  a 
fast  Fourier  transform  (FFT)  algorithm  could  be  used  to 
compute  the  corresponding  width  function.  The  results 
are  shown  in  Fig.  5.  The  aperture  shape  is  fairly  simple 
and  may  be  approximated  by  a  lognormal  function. 

Based  on  the  above  considerations,  pairs  of 
symmetrically  located  lognormal  apertures  are  analyzed 
in  detail  in  the  following  section. 

5  Lognormal  Apertures 

It  is  understood  that  the  response  of  the  aperture  in 
Fig.  5  would  be  unaffected  if  it  is  made  symmetric  by 
mirror  imaging  its  contour  about  -axis.  The  resulting 
aperture  is  shaped  like  an  "onion"  or  a  "tear  drop",  such 
as  the  shape  depicted  in  Fig.  6.  Such  shapes  can  be 
implemented  conveniently  in  practice.  The  lognormal 
apertures  considered  hereafter  have  symmetric  onion¬ 
like  shape. 

A  lognormal  function  has  two  independent  variables. 
Four  independent  variables  are  needed  if  the  coordinates 


Figure  5;  Aperture  for  an  exponential  response  curve 

The  above  aperture  can  be  specified  in  terms  of  four 
parameters,  i.e. 

(i)  x^^-.  the  minimum  value  of  normalized  x^  ,  so 
that  the  maximum  value  is  1; 

(ii)  x^„ :  the  zero-shift  of  lognormal  distribution  along 
x^  -axis; 

(iii)  Xjip  :  location  of  the  maxima  of  the  aperture  width; 

(iv)  CT,j„  :  width  of  the  lognormal  distribution. 

Normalizing  the  maximum  width  of  the  aperture  to  1,  the 
parameters  ,  la.g,,  and  Aw  may  be  obtained  from  the 
relations; 


-^  =  (l  +  ^*)exi 
Aw 


=  0  +  ^’^)  exp 


ln(:ii 


2 


(42) 


Equations  (6)-(8)  were  solved  numerically  for  the  above 
aperture  shape.  This  numerical  problem  involves 
solution  of  integrals  whose  integrands  are  oscillating  and 
may  have  many  oscillations  within  the  range  of 
integration.  For  solution  of  these  integrals  efficient 
numerical  schemes,  provided  by  Stamnes  (1986),  were 
used. 

Simulations  show  that  it  is  important  to  minimize  x^„,i„ 
in  order  to  significantly  extend  the  nominal  size  range 
beyond  1.  However,  there  are  practical  limits  on  the 
minimum  gap  between  two  symmetrically  located 
apertures.  Using  a  practically  achievable  value  for  the 
minimum  gap,  an  optimal  lognormal  aperture  can  be 
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specified  by  the  following  combination  of  the  shape 
parameters; 

=  ^,,0  =  0.1,  x^^=0A6,  g,^  =  0.65. 

This  shape  is  depicted  in  Fig.  6.  The  geometrical 
centroid  of  this  aperture  is  located  at  =  0.3097 .  The 
corresponding  response  curve,  signal  visibility  and 
percent-of-the-reading  sensitivity  are  given  in  Fig.  7.  It 
can  be  seen  that  the  size  range  is  extended  by  a  factor  of 
three  as  compared  to  the  nominal  size  range. 
Furthermore,  the  visibility  is  always  non-zero  and  large 
enough  to  produce  measurable  signals.  The  sensitivity  is 
such  that  over  most  of  the  size  range,  about  1°  phase 
shift  is  obtained  for  1%  variation  in  the  size. 


Figure  6:  An  optimal  lognormal  aperture 
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Figure  7:  Response  of  the  optimal  lognormal  aperture 

Reduction  in  the  signal  visibility  with  increasing  particle 
diameter  is,  in  fact,  a  desirable  feature  of  PDV.  It  is 


known  that  the  signal  strength  increases  with  the  square 
of  the  Mie  parameter  or  particle  diameter.  However,  due 
to  decreasing  visibility,  the  amplitude  of  fluctuation  F 
would  not  increase  so  excessively.  As  explained  in 
Sec.  1,  parameter  F  represents  the  signal  strength  sensed 
by  the  signal  processor.  Uniform  signal  strength  allows 
to  obtain  a  uniform  bit-resolution  for  the  digitized 
signals,  so  that  all  the  signals  are  processed  with  about 
the  same  precision.  In  the  case  of  analog  processors,  the 
output  of  analog  components  varies  with  the  signal 
amplitude.  This  source  of  uncertainty  is  suppressed  if  the 
signal  amplitude  is  rather  uniform. 

Another  adverse  effect  of  large  variations  in  the  signal 
strength  is  discussed  in  Sec.  6,  where  effects  of  non- 
uniform  illumination  of  the  particle  are  taken  into 
consideration.  It  is  shown  that  the  measurements  are  less 
prone  to  error  if  the  signal  strength  is  rather  uniform 
over  a  wide  range  of  particle  diameters.  The 
experimental  results  in  the  following  section  confirm 
that  this  objective  can  be  achieved  using  lognormal 
apertures. 

6  Experimental  Results  pertaining  to  Aperture  Shape 

The  receiving  optics  of  Adaptive  Phase/Doppler 
Velocimeter  (APV  of  TSI  Inc.)  allows  to  use  external 
masks  on  the  two  receiving  apertures,  so  that  triangular 
apertures,  similar  to  those  described  above,  could  be 
implemented.  Measurements  were  taken  with  a  spray  of 
water,  in  which  drop  velocity  correlates  strongly  with 
the  drop  size,  i.e.  larger  drops  move  faster. 

The  measured  phase  shift  versus  velocity  correlations  are 
given  in  Fig.  8  for  two  sets  of  apertures,  i.e.  rectangular 
and  triangular  apertures.  The  triangular  apertures  were 
36  mm  high  with  so  that  their 

response  is  expected  to  follow  the  curve  for  the 
separated  receivers  shown  in  Fig.  4.  The  rectangular 
receivers  were  matched  with  the  triangular  receivers  in 
the  location  of  the  centroid  as  well  as  the  cross-sectional 
area. 

Figure  8  clearly  shows  that  the  phase  response  can  be 
very  different  for  two  aperture  sets  with  the  same 
geometrical  centroids.  The  rectangular  receivers  show  an 
increase  in  the  average  velocity  with  increasing  phase. 
Since  phase  increases  linearly  with  drop  size  for 
rectangular  apertures,  this  result  illustrates  the 
correlation  between  the  drop  size  and  drop  velocity. 

The  triangular  apertures  exhibit  a  saturation  of  the  phase 
response  slightly  above  180°,  which  verifies  the 
theoretical  result  shown  in  Fig.  4. 

In  another  set  of  experiments,  the  optimal  aperture  of 
Fig.  6  was  used  to  measure  a  similar  spray  and  the 
results  were  compared  with  the  response  of  a  pair  of 
narrow  rectangular  apertures.  Both  the  aperture  shapes 
had  the  same  geometrical  centroids. 
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Rectangular  Aperture 
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Figure  8:  Phase-velocity  correlations  for  rectangular  and 
triangular  receiver  sets 
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The  phase-velocity  correlations  for  the  two  aperture 
shapes  are  shown  in  Fig.  9.  Clearly,  the  phase  shift 
exceeds  360°  in  the  case  of  rectangular  apertures.  The 
true  phase  shift  for  the  data  points  above  the  dividing 
solid  line  in  the  upper  plot  of  Fig.  9  is  expected  to  be 
360°  in  excess  of  the  measured  phase  shift.  After  shifting 
the  phases  accordingly,  the  phase  data  were  converted 
into  the  size  distributions. 

For  the  optical  setup  under  consideration,  the  phase-to- 
diameter  conversion  factor  of  the  rectangular  apertures 
was  3.67°/pm;  i.e.  the  nominal  size  range  was  98.2  pm. 
This  factor  pertains  to  pure  refraction  and  is  based  on  the 
following  optical  parameters:  beam  half-angle,  3.94°; 
elevation  angle,  2.11°;  Wavelength  of  laser,  0.5145  pm; 
refractive  index  of  the  drops,  1.33  and  off-axis  angle, 
74.74°.  In  the  case  of  lognormal  apertures,  the 
correlation  shown  in  Fig.  7  is  used  to  convert  the 
measured  phase  shifts  into  the  normalized  diameters, 
which  are  multiplied  by  the  nominal  size  range  to  obtain 
the  actual  diameters. 

The  resulting  size  distributions  are  given  in  Fig.  10.  The 
nominal  size  range  is  divided  into  36  bins,  so  that  each 
size  bin  is  2.73  pm  wide.  The  vertical  axis  that 
represents  the  particle  count  in  the  corresponding  bin  is 
normalized,  so  that  the  total  area  under  each  curve  is 
100%. 

According  to  Fig.  10,  large  drops  are  measured  more 
frequently  by  the  rectangular  apertures,  as  the  visibility 
of  the  corresponding  signals  is  higher  for  the  rectangular 
apertures.  In  the  case  of  rectangular  apertures,  large 
drops  generate  measurable  signals  from  a  large  portion 
of  the  fringe  volume,  including  the  outer  regions  where 
the  intensity  of  illumination  is  loiy.  Hence,  the  effective 
measuring  volume  is  larger  for  large  drops,  provided  that 
rectangular  apertures  are  used.  As  shown  by  Saffrnan 
(1987),  the  r.m.s  value  of  the  burst  length  (which  is 
defined  as  the  product  of  particle  velocity  and  the  signal 
duration;  both  of  these  parameters  were  recorded)  for  a 
given  size  bin  is  a  measure  of  the  effective  measuring 
volume  for  the  corresponding  drop  size. 
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Figure  9:  Phase-velocity  correlations  for  rectangular  and 
lognormal  apertures 


The  r.m.s.  burst  lengths  are  plotted  in  Fig.  11  as  a 
function  of  the  drop  size.  For  sizes  exceeding  100  pm, 
there  are  very  few  drops  in  each  size  bin.  Hence,  large 
fluctuation  are  found  in  the  r.m.s.  burst  length  versus 
drop  size  relationship.  Curve  fitting  with  simple 
functions  (using  TableCurve  2D  of  Jandel  Scientific)  is 
used  to  estimate  the  stationary  values  of  the  r.m.s  burst 
lengths. 

According  to  Fig.  11,  the  effective  measuring  volume 
increases  more  significantly  with  the  particle  diameter 
for  the  rectangular  apertures,  as  opposed  to  the 
lognormal  apertures.  In  the  case  of  lognormal  apertures, 
the  signal  visibility  decreases  with  the  increasing  particle 
diameter  and  hence,  limits  the  strength  of  the  filtered 
signals.  As  a  result,  the  effective  measuring  volume 
diameter  ceases  to  increase  with  the  drop  diameter. 
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The  size  distributions  of  Fig.  10  are  corrected  using  the 
r.m.s  burst  length  information  from  Fig.  11.  The 
corrected  temporal  size  distributions  measured  by  the 
two  aperture  shapes  are  included  in  Fig.  10  and  appear  to 
agree  well  with  each  other. 

It  is  known  that  signals  from  the  outer  regions  of  the 
measuring  volume  are  undesirable  as  they  may  become 
dependent  on  the  particle  trajectory  besides  the  size  (see 
Grehan  et  al.,  1994  and  the  references  therein).  By 
eliminating  such  signals,  the  lognormal  apertures  also 
suppress  the  trajectoiy  ambiguity  associated  with  large 
drops. 

7  Conclusions 

Effects  of  the  shape  of  receiving  apertures  on  the 
response  of  a  phase  Doppler  system  are  examined 
assuming  uniform  spacing  between  scattered  fringes.  It 
is  shown  that  specially  shaped  apertures  can  be  used  to 
(i)  extend  the  size  range  without  sacrificing 
measurement  sensitivity  for  small  particles,  (ii)  obtain  a 
uniform  percent-of-the-reading  sensitivity,  (iii)  suppress 
the  27t-ambiguity;  i.e.  keep  the  phase-shift  smaller  than 
360°  for  a  very  wide  range  of  particle  diameters, 

(iv)  obtain  relatively  uniform  amplitude  of  filtered 
signals,  by  ensuring  that  the  signal  visibility  decreases 
consistently  with  increasing  particle  diameters, 

(v)  suppress  the  trajectory  ambiguity  associated  with 
large  particles. 


Figure  10:  Size  distributions  measured  by  the  lognormal 
and  rectangular  apertures 


Figure  1 1 ;  Root-mean-square  burst  lengths  measured  by 
lognormal  and  rectangular  apertures 

The  above  effects  have  been  verified  experimentally. 
Future  work  would  involve  rigorous  simulations  of  the 
shaped  apertures,  using  Mie  scattering  theory  and  the 
generalized  Lorenz-Mie  theoiy  (see  Grehan  et  al.,  1994 
and  the  references  therein). 
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Abstract: 

The  basic  requirements  for  the  implementation  of  a  real-time 
phase  measurement  have  been  addressed  in  this  paper.  Both 
the  analog  and  the  digital  approaches  of  implementation  have 
been  evaluated.  For  the  digital  approach,  the  effect  of 
quantization  has  been  thoroughly  analyzed.  For  Phase  Doppler 
(PDPA)  applications,  the  amplitude  dynamic  range  exceeds 
1:2500.  In  order  to  digitally  record  and  reproduce  these 

signals,  a  16-bit  ADC  (i.e  2'^  quantization  levels)  should  be 
used.  It  is  shown  that  for  accurate  phase  measurement,  the 
efficiency  of  the  sampler  to  encode  (or  represent)  the  signal 
phase  information  is  far  more  important  than  the  number  of 
bits  used  in  the  analog-to-digital  conversion  (ADC).  A  novel 
sampling  scheme  using  a  1-bit  ADC  is  then  developed  and 
evaluated.  It  is  shown  that  the  performance  of  the  developed 
scheme  surpasses  that  of  the  conventional  sampling  methods 
with  1-bit  and  8-bit  ADC’s.  A  practical  implementation  of  the 
digital  approach  is  described  and  its  performance  is  evaluated. 
The  implementation  utilizes  the  innovative  architecture 
provided  by  the  Real-time  Signal  Analyzer  (RSA). 


1-  Introduction:: 

For  the  early  generations  of  PDPA  signal  processors,  zero 
crossing  counting  methods  have  been  used  for  both  frequency 
and  phase  measurements.  With  these  methods,  the  phase 
between  two  signals  is  measured  by  measuring  the  signal 
period  and  comparing  it  with  the  time  between  the  positive 
slope  zero  crossings  of  the  two  signals.  These  methods  are 
simple  and  accurate  provided  that  the  signal  SNR  is  better 
than  10  dB  and  the  signal  bandwidth  is  less  than  20  MHz.  The 
need  to  work  within  progressively  more  difficult  environments 
over  larger  frequency  bandwidths  necessitates  the  use  of  more 
powerful  signal  processing  methods.  It  is  well  known  in  the 
literature  that  the  Fourier  analysis  method  provides  the 
optimum  performance.  In  fact;  in  many  cases,  this  method 
proves  to  be  the  only  method  that  provides  reasonable  results 
[1,2,3]. 

With  the  Fourier  analysis  method,  the  frequency  is  first 
estimated  by  computing  the  signal  spectrum  and  extracting  the 
frequency  with  maximum  power.  A  reference  sinusoidal 


signal  is  then  generated.  The  frequency  of  the  reference  signal 
is  set  to  the  estimated  signal  frequency.  The  phase  of  each 
signal  with  respect  to  the  reference  signal  is  then  computed  by 
correlating  each  signal  with  the  reference  signal.  The  phase 
difference  is  then  computed  by  subtracting  the  pairs  of  phase 
measurements.  With  this  method,  phase  measurement 
accuracy  is  inversely  proportional  to  the  measurement  time 
and  the  SNR.  When  sampled  data  is  used,  the  variance  of  the 
phase  is  then  given  by  [2]: 


var[(j)  ]= 


2(2  A -1) 
SNRA(A-l) 


(1) 


It  is  clear  from  the  above  equation  that  for  a  specified  SNR, 
the  only  way  to  improve  the  phase  measurement  accuracy  is 
by  increasing  the  number  of  samples  N.  However,  this  will 
significantly  complicate  the  hardware.  Most  of  the  increase  in 
hardware  complexity  is  associated  with  the  frequency 
measurement  as  explained  in  the  following  paragraph. 

For  real  time  phase  measurement,  real  time  frequency 
measurement  has  to  be  performed  prior  to  the  actual  phase 
measurement.  In  fact;  the  algorithm  for  phase  measurement  is 
divided  into  two  parts.  In  the  first  part,  the  signal  frequency  is 
measured.  The  actual  phase  measurement  is  performed  in  the 
second  part.  It  will  be  shown  later  that  the  complexity  of  the 
actual  phase  measurement  is  given  by  tJ  ( a)  (i.e.  the  number 
of  the  computations  is  proportional  to  the  number  of  samples). 
The  significant  increase  in  the  algorithm  complexity  is 
associated  with  the  frequency  estimation  with  an  accuracy 
better  than  /  A .  The  Fast  Fourier  Transform  (FFT) 
algorithm  is  one  of  the  most  efficient  algorithms  for  this  task 
and  its  complexity  is  given  by  :&(AlogA).  This  clearly 
shows  that  the  complexity  of  frequency  measurement 
algorithm  is  an  order  of  magnitude  greater  than  the  complexity 
of  the  actual  phase  measurement  algorithm. 

The  need  to  measure  the  frequency  prior  to  phase 
measurement  has  been  so  far  the  main  obstacle  for  the 
implementation  of  real  time  phase  measurement.  Moreover, 
the  need  to  work  over  a  wide  amplitude  and  frequency 
dynamic  range  with  transit  times  less  than  lus  has  added  to 
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the  complexity  of  implementation.  For  example,  to  measure 
the  size  over  a  dynamic  range  of  1:50,  the  signal  amplitude 
dynamic  range  can  be  well  above  1:2500.  Thus,  if  the  digital 
approach  is  considered,  the  number  of  quantization  levels 
needed  to  properly  represent  the  signal  should  be  more  than 
2500  levels.  TTiis  corresponds  to  a  16-bit  ADC.  Such  ADC’s 
are  not  available  at  sampling  frequencies  exceeding  1  MHz. 

In  the  following  two  sections,  we  will  outline  the  essential 
elements  of  a  Fourier  analysis  based  signal  processor  for  real¬ 
time  phase  measurement.  In  section  4,  the  effect  of 
quantization  is  examined.  These  three  sections  provide  a  better 
understanding  of  the  difficulties  encountered  with  real  time 
phase  measurement.  A  practical  implementation  of  a  real  time 
phase  measurement  scheme  is  described  in  section  5. 


2-  Basic  Elements  of  a  Real  Time  Phase  Measurement 
Scheme: 


With  the  Fourier  analysis  phase  measurement,  the  frequency  is 
first  estimated.  The  frequency  is  measured  by  computing  the 
signal  spectrum  and  extracting  the  frequency  where  the  signal 
has  its  maximum  power.  Let  be  the  estimated  frequency. 
A  reference  sinusoidal  signal  is  then  generated.  The  frequency 
of  the  reference  signal  is  set  to  .  The  phase  of  each  signal 
with  respect  to  the  reference  signal  is  then  computed  by 
correlating  the  signal  with  the  reference  signal.  The  phase 
difference  is  then  computed  by  subtracting  the  two 
measurements  of  phase. 


When  a  quadrature  (complex)  signal  is  used,  the  signal  s(t) 
can  be  represented  as  s(t)  =''(()  + jq(t)  where 

r(/)= Acos|27^^r-t-(t)  j-t-n(r),  ^(r)=:  Asin^2jc/^r-(-(l)  j-t-n(r) 

V 

and  n(t)  is  the  Hilbert  transform  of  n(t).  With  the  Fourier 
analysis  method  the  phase  of  the  signal  s(t)  is  computed  using 
the  following  equation: 


0^5  =  tan 


1  ^ 

—  J  {-r(r)sin(27t/„/)  -i-^(/)cos(27i4j/^ 

]<“ 

-] 

TC 

{r(t)cos(2n/„/)  +  9(/)sin(27t/^^r) 

■dt 

. (2) 

where  T  is  the  time  over  which  the  phase  is  measured. 


Examining  the  above  equation,  one  may  conclude  that,  any 
scheme  for  real  time  phase  measurement  requires  the 
following: 

1-  A  method  for  instantaneous  frequency  measurement  using 
the  Fourier  analysis  method.  In  section  3,  we  will  present  an 
analysis  to  determine  how  accurate  the  frequency  should  be 
resolved. 

2  -  A  technique  for  instantaneous  generation  of  variable 
frequency  reference  sinusoidal  waves  COs(27^^^f)  and 


sin(27r/^jt)  For  these  signals,  the  amplitude  should  be 

constant  and  its  frequency  should  be  stable  throughout  the 
phase  measurement  time  T. 

3-  Four  multipliers  and  two  integrators. 

The  signal  phase  is  then  measured  by  computing  the  inverse 
tangent  of  the  ratio  of  the  two  integrator  outputs. 

The  task  of  phase  measurement  is  further  complicated  when 
PDPA  applications  are  considered.  For  these  applications,  any 
practical  implementation  should  allow  measurements  with  the 
following  signal  conditions: 

1-  The  signal  amplitude  dynamic  range  may  exceed  1:2500. 
This  requires  special  considerations  in  sampling  and  digitizing 
the  signal  when  the  digital  approach  of  implementation  is 
considered.  This  issue  is  discussed  in  section  4. 

2-  The  frequency  bandwidth  may  exceed  100  MHz.  This  poses 
serious  difficulties  in  generating  the  reference  sinusoidal 
waves  when  the  analog  approach  is  considered. 

3-  Quadrature  signals  should  be  used  for  accurate  phase 
measurement.  It  will  be  shown  in  the  section  (3)  that  real 
signals  will  not  provide  accurate  phase  measurement. 

The  requirement  for  instantaneous  frequency  measurement  has 
been  so  far  the  main  obstacle  for  the  implementation  of  real 
time  phase  measurement.  Recently,  the  innovative  architecture 
provided  by  the  state  of  the  art  signal  processor  (RSA)  allows 
real  time  frequency  measurement  at  low  SNR  [4,5],  With  this 
processor,  the  frequency  of  the  Doppler  signal  is  measured 
instantaneously.  To  apply  this  architecture  for  phase 
measurement,  first  we  have  to  determine  how  accurate  the 
frequency  should  be  resolved  for  reasonable  phase 
measurement  accuracy.  This  is  the  subject  of  the  following 
section. 


3-  Frequency  Resolution  Requirements  for  Phase 
Measurement: 

As  discussed  earlier  the  implementation  of  the  Fourier 
analysis  phase  measurement  requires  that  the  frequency  be 
known.  For  PDPA  applications,  the  frequency  is  unknown  and 
it  has  to  be  estimated  prior  to  phase  measurement  accuracy. 
This  raises  the  question  of  how  accurate  the  frequency  should 
be  estimated  for  reasonable  phase  measurement.  For  the 
simplicity  of  the  analysis,  clean  signals  will  be  first 
considered.  The  effect  of  noise  is  then  examined.  The  analysis 
is  then  used  to  demonstrate  the  importance  of  using  quadrature 
signals  for  accurate  phase  measurement. 

Referring  to  Eq.(l)  with  n(t)=0  (i.e.  clean  signals),  the 
estimated  phase  of  the  signal  can  be  written  as: 

<1>«=4>+^  (3) 

sin{2KAft]dt 

where,  X  =  tan”’  -  (4) 

J  cos{2KAft)dt 
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and  A/  =  /,  -/„  (i.e.  the  difference  between  the  actual  signal 
frequency  and  estimated  frequency  of  the  signal.  Since  the 
frequency  of  the  Doppler  signals  can  not  be  estimated  with 
infinite  precision,  A/?tO).  It  is  clear  from  equation  (3)  that  to 
measure  the  absolute  phase  of  the  signal,  X  should  be  much 
smaller  than  one  or  A/  r«  1  .  In  other  words,  the  frequency 
has  to  be  estimated  with  high  precision.  This  means  that 
complicated  hardware  for  frequency  measurement  is  required 
when  the  absolute  value  of  the  signal  phase  is  considered. 
Fortunately,  this  is  not  the  case  for  phase  difference 
measurement.  Using  Eq.(3),  the  phase  difference  between  two 
signals  5,(f)  and  SjCO 's  given  by: 

(,)></  )„=(t)  +  ^"<t>  «2  -  “t*  d  =  actual  phase  difference 

The  above  equation  implies  that  for  phase  difference 
measurement  of  clean  signals,  there  is  no  need  to  accurately 
estimate  the  signal  frequency  (any  value  for  the  frequency 


approach  is  considered,  these  figures  indicate  that  the 
frequency  resolution  required  for  optimum  phase  measurement 
is  four  times  that  attained  with  the  DFT  algorithm  without 
interpolation.  Simple  interpolation  algorithm  can  be  used  to 
provide  this  resolution.  This  is  a  feasible  task  and  its 
implementation  is  discussed  in  section  5. 

In  the  following,  we  will  show  that  for  accurate  phase 
measurement,  quadrature  signals  should  be  used.  For  the 
simplicity  of  the  analysis,  it  is  assumed  that  the  noise  is  zero 
and  the  frequency  is  known  with  infinite  precision  (i.e 
A/r  =  0).  Thus,  the  complex  signal  s(t)  is  given  by 

cos(27i/t  +  ()))+;sin(27i//  +  (t))  while  the  real  signal  r(t)  is 
given  by  cos(2n/r +((» ).  Using  Eq.(2),  it  can  be  easily  shown 
that  for  complex  signals,  the  estimated  phase  is  equal  to  the 
signal  phase  i.e; 


signal,  Eq.(5)  is  reduced  to; 

tan<t)+X.+  v 


<j)„  =  tan 

T  es 


l-^tan(t)  +  M. 


—  l{-r(f)sin(27c4^f)]dr 

r  0 

(5) 

A  . 

()>„.  =  tan 

-l{r(r)cos(27t4^f)]<ir 

1  r  0  J 

Tf 


T(k 


n(  f )  sin  2n/,  f  + /t(  r )  cos  2n/,  r 


Ht 


where,  v  = - ^  ^ 

—  I  cos2nAft  dt 
TO 

n(f)cos27i/,r+n(r)sin27c/,t  lit 


if 

rov 


and 


(7) 


For  clean  signals  and  /„  =  / ,  the  above  equation  is  reduced 
to: 


(t),  =tan 


-1 


R-  j  T 

—  j  cos2n Aft  dt 

TO 

For  optimum  phase  measurement,  the  noise  effect  should  be 
minimized.  This  can  be  achieved  by  minimizing  p  and  V  . 
However,  the  numerator  of  p  and  v  are  characteristic  of  the 
noise.  Therefore,  minimizing  p  and  V  can  only  be  achieved 
by  maximizing  the  denominator  where: 

\T  ^  X  sm{nAfT ) 

\|r  =  —  1  cos{2nAft)dt= - — — 

T  0 


1  ^ 

sincf)  +  —  J 

T 

0 

sin(4n/r))£/r 

1  ] 

COS<t)  +  — J 
T 

1  0 

cos{4%fi)}dt 

(8) 


(6) 


1  ^ 

For  the  above  equation,  the  factors  a  =  —  i  {sin(47cyr)}<f? 

T  0 

1  ^ 

and  p  =— l{cos(4it//)}^ff  are  the  source  of  considerable 
T  0 

error.  For  accurate  phase  measurement,  both  a  and  p  should 
be  zero.  This  condition  can  only  be  guaranteed  when  the 
integration  time  T  is  a  multiple  integer  of  1//.  Figure  (1) 
shows  the  error  in  the  measured  phase  difference  versus  the 
integration  time. 


The  maximum  value  of  \|r  is  one  and  occurs  when  A/T  =  0 
(i.e  the  frequency  is  estimated  with  infinite  precision).  Thus, 
maximizing  p  and  V  can  be  achieved  by  keeping  AJT  close 
to  zero.  This  raises  the  question  of  how  close  the  quantity 
(A/T)  to  zero  is  enough.  For  TAf  <  1  /  2,  V  is  greater  than  or 
equal  to  0.65  and  for  TA/  <  1  /  4 ,  \p  is  greater  than  or  equal  to 
0  9  This  corresponds  to  a  minimal  loss  in  SNR  of  1.5  dB 
(=101og(l/0.65)  and  0.4  dB  (=10  log(l/0.9)),  respectively. 
These  are  key  figures  in  the  implementation  of  any  scheme  for 
Fourier  analysis  based  phase  measurement.  When  the  digital 


For  this  plot,  two  signals  are  used.  The  phase  of  the  first  signal 
with  respect  to  the  reference  signal  is  zero.  Two  cases  are 
considered  for  the  second  signal.  For  these  cases,  the  phases 
of  the  second  signal  with  respect  to  the  reference  signal  are 

30°  and  60°  respectively. 

From  this  plot,  it  is  clear  that  to  measure  the  phase  accurately, 
the  integration  should  be  performed  over  an  integer  number  of 
cycles.  This  condition  can  be  guaranteed  only  when  the  signal 
is  clean  and  the  zero  crossings  of  the  Doppler  signal  are  well 
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defined.  However,  for  noisy  environments  this  task  (i.e 
integration  over  an  integer  number  of  cycles)  is  difficult  (if  not 
impossible)  to  achieve.  For  these  noisy  environments,  the  only 
way  to  get  reasonable  phase  measurement  accuracy  (say,  error 

less  than  2°),  is  for  the  integration  time  to  be  greater  than  10 
cycles.  Unfortunately,  this  limits  the  range  of  applications  as 
the  frequency  dynamic  range  is  affected.  It  should  be  pointed 
out  that  zero  crossing  based  phase  measurement  methods 
suffer  from  this  problem.  With  these  methods,  phase 
measurement  is  performed  over  an  integer  number  of  cycles. 
Accurate  phase  measurements  cannot  be  attained  at  SNR  less 
than  10  dB.  Under  these  noisy  conditions  the  location  of  the 
zero  crossings  is  dominated  by  noise  and  not  by  the  signal. 
Consequently,  zero  crossing  methods  fail  to  provide  any 
meaningful  results  for  noisy  signals.  These  problems  are  not 
encountered  when  complex  signals  are  used  with  the  Fourier 
analysis  method.  Thus,  for  noisy  environments,  the  Fourier 
analysis  method  and  complex  signals  must  be  used  for 
optimum  phase  accuracy. 


Number  of  Cycles 


Fig.  (1):  Signal  phase  error  in  degrees  vs.  measurement 
time  in  terms  of  number  of  cycles. 

Note:  For  complex  signals,  the  phase  error  is  zero 
everywhere  except  when  the  number  of  cycles 
(at  this  point  the  phase  is  undefined. 


4-  Eflect  of  Signal  Quantization  on  Phase  Measurement 
Accuracy: 

In  section  (2),  it  is  stated  that  there  are  two  approaches  to 
implement  Eq.(l)  namely  the  analog  and  the  digital 
approaches.  The  main  obstacle  for  the  implementation  of  the 
analog  approach  is  the  need  to  generate  (within  1 00ns)  stable 
quadrature  sinusoidal  waves  over  a  bandwidth  of  100  MHz. 
Furthermore,  with  the  analog  approach,  careful  calibration  of 


both  the  input  signal  and  the  reference  signal  should  be 
performed  prior  to  any  phase  measurement.  The  calibration 
should  include  both  the  amplitude  and  the  relative  phase  of 
the  quadrature  signals  for  both  the  input  and  the  reference 
signals.  These  difficulties  are  not  encountered  with  the  digital 
approach.  For  these  reasons  the  analog  approach  is  less 
attractive  and  the  focus  in  this  paper  will  be  on  the  digital 
approach.  With  this  approach  the  phase  is  given  by: 


X  ^/•(/)cosi27:!^  /  N ^ 

i  =  0 

-(-^(/)sin^27ti/: 

X  sin ^271/1:  JN^ 

.1  =  0 

l  +  9(i)cos(27t//t^  /ivjj 

(9) 


where,  r(i)  and  q(i)  represent  the  in-phase  (real)  and 
quadrature  (imaginary)  components  of  the  sampled  signal  s(i), 
N  is  the  number  of  samples  used  for  phase  measurement,  and 
is  the  frequency  measured  using  the  DFT  algorithm. 

A  key  figure  in  the  implementation  of  the  digital  approach  is 
the  number  of  bits  in  the  analog  to  digital  conversion. 
Certainly,  a  1-bit  ADC  provides  the  most  efficient  approach  of 
implementation.  The  hardware  complexity  is  proportional  to 
the  number  of  the  bits.  However,  if  the  performance  is 
compromised  then  higher  resolution  ADC’s  should  be  used. 
Figure  (2)  shows  the  performance  of  the  1-bit  and  error  free 
quantization  schemes.  These  results  are  compared  with  the 
Cramer-Rao  bound  for  optimum  measurement  accuracy  which 
is  also  plotted  in  this  figure.  It  is  clear  from  this  figure  that 
there  is  a  minimal  gain  in  using  higher  resolution  ADC’s.  This 
gain  does  not  justify  the  substantial  increase  in  hardware 
complexity  associated  with  higher  resolution  ADC’s. 


Fig(2):  Phase  rms  error  in  degrees  vs.  SNR  for  N=128. 


2.3.4, 


At  this  point,  we  will  clarify  two  controversial  arguments 
about  the  digital  approach  that  have  been  discussed  in  recent 
literature.  The  first  argument  is  related  to  the  possibility  of 
phase  measurement  at  the  frequencies  0,/^.  /  2  and  3/^.  /  2  (or 
12).  It  should  be  pointed  out  that  it  is  misguided  to 
believe  that  the  phase  can  be  measured  at  these  frequencies.  In 
the  vicinity  of  the  frequencies  /^.  /2  and  -/^  /2,  due  to 
aliasing  of  the  sampled  data,  the  frequency  is  ambiguous,  so  is 
the  phase.  Notice  that,  at  these  frequencies,  the  sampled  data 
represents  a  signal  alternating  between  two  dc  values  and  each 
signal  period  is  represented  by  exactly  two  samples. 
Consequently  the  sampled  data  can  represent  sinusoidal  waves 
with  any  phase  values  over  the  range  (0,7t ).  At  zero 
frequency,  the  signal  is  dc  and  hence  the  phase  is  meaningless. 
It  should  be  pointed  out  that  these  conclusions  are  the  same 
regardless  of  the  ADC  resolution  used. 

The  second  argument  is  related  to  the  ambiguity  in  phase 
measurement  that  occurs  at  ^  /  4  (same  arguments  follows 
for  the  frequency  3/^  /  4  =  -  /^.  /  4).  This  argument  has  been 
used  to  downplay  the  potential  advantages  in  using  1-bit 
ADC’s.  It  should  be  pointed  out  that  even  with  high  resolution 
ADC’s,  there  is  an  ambiguity  in  phase  measurement  not  only 
when  the  signal  frequency  equals  to  /^  /  4  but  also  when  the 


quantization  level  is  chosen  to  be  0.25  mV,  the  maximum 
signal  that  can  be  sampled  accurately  with  the  8-bit  ADC  is  65 
mV  (or  less  than  7%  of  the  input  signal  dynamic  range.  For 
actual  PDPA  applications  this  figure  corresponds  to  less  than 
2%  of  the  input  signal  dynamic  range).  If  the  signal  s{t)  is 
sampled  at  /, /4,  then  it  can  be  easily  shown  that  the 
ambiguity  in  phase  measurement  can  be  as  large  as 
90-2sin”' 0.25=  61°.  This  example  clearly  demonstrates 
that  using  high  resolution  ADC’s  does  not  offer  any 
significant  improvement  over  the  much  simpler 
implementation  using  1-bit  ADC’s.  One  may  argue  that  this 
problem  can  be  resolved  by  using  a  higher  resolution  (12-bit 
or  16-bit)  ADC.  However,  such  ADC’s  are  very  expensive  and 
they  are  not  available  to  cover  signal  bandwidths  over  1  MHz. 

From  the  above  example,  it  is  obvious  that  the  solution  to  this 
problem  can  not  be  achieved  by  using  higher  resolution 
ADC’s.  However,  this  ambiguity  can  be  resolved  by  using 
efficient  sampling  methods  to  encode  the  phase  information 
more  effectively.  In  ref.  [6]  ,  a  highly  efficient  sampling 
scheme  coupled  with  1-bit  ADC’s  is  presented.  Figures  (4a), 
(b),  (c)  and  (d)  show  the  significant  improvement  in 
performance  with  this  scheme  over  the  conventional  methods 
using  both  1-bit  and  8-bit  ADC’s.  These  figures  represent  the 
results  for  1-bit  and  8-bit  ADC’s  compared  with  the  modified 


sampling  frequency  is  exactly  equal  to  a  multiple  integer  (say  sampling  scheme  at  the  problem  frequency  f^l  A  for  a 

L)  of  the  signal  frequency.  At  these  frequencies,  the  effective  signal  amplitude.  In  these  figures,  the 

number  of  samples  used  for  the  phase  measurement  will  te  number  of  samples  N  is  equal  to  128.  Note  that  at  low  SNR, 

reduced  from  N  to  L.  This  follows  from  the  fact  that  t  e  gn  tj,ese  methods  show  similar  performance, 

sampled  data  will  repeat  itself  after  L  samples.  It  should  be 
emphasized  that  this  ambiguity  occurs  only  at  these  exact 
frequencies  and  is  encountered  mostly  with  simulated  signals. 

Surprisingly,  the  problem  happens  at  high  SNR  (10  dB  or 
higher).  As  more  noise  is  added  to  the  signal;  the  problem 
becomes  less  noticeable.  One  of  the  strategies  that  have  been 
used  to  reduce  the  effect  of  this  problem  is  to  increase  the 
number  of  samples  or  the  sampling  frequency  or  both.  In  some 
applications,  these  techniques  are  not  effective  due  to  the 
limitations  posed  by  the  signal  transit  time. 

For  a  small  signal  amplitude  dynamic  range  (less  than  1:10), 
this  ambiguity  can  be  reduced  by  using  higher  resolution  phase 
ADC’s.  However,  for  PDPA  applications,  the  amplitude  measurement 
dynamic  range  may  exceed  1  ;2500  (it  is  worth  pointing  out 
that  due  to  visibility-size  dependence  and  the  effect  of  the 
trajectory,  this  range  may  be  reduced  by  at  the  most  a  factor  of 
5  to  10  which  is  far  from  enough).  For  these  applications, 
increasing  the  number  of  the  quantization  levels  will  not 
provide  significant  improvement  over  the  much  simpler 
approach  using  1-bit  ADC’s.  Figure  (3)  is  used  to  illustrate 
this  scheme.  It  shows  the  trajectory  of  the  signal 
s(r)=r(r)+  y^(r)=/l(sin(27c/r)-t-ycos(27i/r))  in  the  complex 


plain. 

For  the  purpose  of  demonstration,  let  the  signal  dynamic 
range  be  1:1000  (say  the  signal  amplitude  varies  from  ImV  to 
1000  mV).  Let  an  8-bit  ADC  be  used  for  signal  quantization. 
To  quantize  small  signals  with  reasonable  resolution,  each 
quantization  level  should  be  much  smaller  than  1  mV.  If  the 


Fig.(3);  Signal  trajectory  at  /  4 
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SNR  (dB) 


Fig  (4a):  Phase  rms  error  in  degrees  vs.  SNR  for  signal 
amplitude  of  1  mV. 


SNR  (dB) 


Fig(4c):  Phase  rms  error  in  degrees  vs.  SNR  for  signal 
amplitude  of  200  mV. 


SNR  (dB) 


Fig(4b):  Phase  rms  error  in  degrees  vs.  SNR  for  signal 
amplitude  of  10  mV. 

At  low  signal  amplitude  of  1  mV  (Fig.  4a),  the  accuracy  for 
the  1  -bit  ADC  begins  to  deteriorate  at  5  dB  and  decreases  with 

increasing  SNR  to  approximately  25°.  The  accuracy  of  the  8- 
bit  ADC  begins  to  deteriorate  above  10  dB.  The  modified  1- 
bit  sampling  scheme  shows  a  continuous  improvement  with 
increasing  SNR.  At  10  mV  (Fig.  4b),  8-bit  quantization 
provides  a  performance  close  to  the  optimum  performance. 


Fig  (4d):  Phase  rms  error  in  degrees  vs.  SNR  for  signal 
amplitude  of  2V. 

However  at  greater  signal  araplimdes  of  200  mV  and  2  V 
(Fig’s  (4c)  and  (d)),  the  8-bit  ADC  has  almost  the  same 
performance  as  the  1-bit  ADC  for  the  problem  frequency 
/j  /  4 .  The  modified  scheme  shows  consistent  performance 
over  the  range  of  signal  amplitudes.  This  scheme  is  used  in  a 
practical  implementation  of  a  real  time  signal  processor  as 
described  in  the  following  section. 


2.3.6. 


5-  A  Practical  implementation  of  a  Real  Time  Phase 
Measurement 


measurement  is  divided  into  four  sections.  In  the  first  section, 
the  complex  reference  signal  is  generated  and  multiplied  by 
the  complex  samples  (i.e.,  s(i)=r(i)+jq(i) )  to  get: 


The  implementation  of  a  Fourier  transform  based  real  time 
phase  measurement  is  divided  into  two  highly  parallel 
processing  parts.  In  the  first  part  the  frequency  is  measured 
using  the  innovative  RSA  architecture. 

Figure  (5)  shows  the  block  diagram  of  the  RSA.  It  is 
comprised  of  an  analog  front  end  which  performs  high  pass 
filtering,  logarithmic  amplification,  quadrature  mixing  (to 
generate  quadrature  or  complex  signals)  and  low  pass  filtering 
to  improve  the  SNR  and  to  remove  the  high  frequency 
component  of  the  mixer  output.  The  in-phase  and  the 
quadrature  components  are  then  applied  at  high  speed  Analog- 
to-Digital  Converters  (ADC)  (equivalent  to  320  MHz).  The 
ADC  outputs  are  applied  to  two  units.  These  units  are  the 
Frequency  Transform  Burst  Detector  (FTBD)  and  the  Parallel 
Processing  Unit  (PPU).  The  RSA  uses  a  combination  of  time 
and  frequency  domain  burst  detection  schemes.  With  the 
frequency  burst  detector  the  transform  of  the  signal  is 
computed  at  a  rate  of  20  million  per  second.  A  detailed 
description  of  this  scheme  is  found  in  ref.  [7]. 

The  PPU  contiguously  processes  and  validates  the  incoming 
signal  (irrespective  of  the  presence  or  the  absence  of  the 
Doppler  signal)  at  a  rate  of  20  million  measurements  per 
second  (this  corresponds  to  20  billion  math  operations  per 
second  or  200  times  the  computational  power  of  the  state  of 
the  art  Digital  Signal  Processors).  The  PPU  processes  and 
validates  the  signal  each  time  an  updated  packet  of  8  complex 
samples  are  received  from  the  ADC.  Once  the  signal  burst 
detector  is  triggered,  the  PPU  starts  storing  valid  frequency 
measurements  in  a  circular  4-cell  memory  buffer.  Figure(6) 
shows  the  RSA  signal  processing  approach.  Measurements 
with  N=  64  are  first  used.  Once  the  gate  length  corresponds  to 
N>  128,  the  PPU  switches  automatically  to  perform  frequency 
measurements  with  M=  128  and  so  on.  The  processing 
continues  until  four  valid  frequency  measurements  with 
N=5\2  are  obtained.  If  the  gate  is  shorter  than  that,  the  PPU 
sends  whatever  four  validated  measurements  it  has  to  the 
computer  interface.  Furthermore,  the  PPU  sends  the  final 
frequency  measurement  to  the  phase  measurement  processing 
unit, 

A  second  high  speed  parallel  scheme  is  used  to  perform  the 
phase  measurement  using  Eq.(9).  To  implement  this  equation 
at  the  sampling  frequency  160  MHz,  the  parallel  processing 
scheme  should  be  capable  of  performing  4  billion 
mathematical  operations  per  second.  The  parallel  processing 
architecture  that  is  adapted  with  the  phase  measurement  is 
different  from  that  used  for  the  frequency  measurement.  With 
the  frequency  measurement,  the  different  processing  units  are 
working  concurrently  and  the  outcomes  of  these  units  are  then 
combined  to  obtain  the  final  result.  With  the  phase  processing, 
a  pipeline  parallel  processing  architecture  is  used.  This  means 
that  the  different  processing  units  are  working  concurrently. 
However,  the  output  of  one  processing  unit  (or  section)  is  the 
input  of  the  next  processing  unit.  The  pipeline  used  for  phase 


A{J)=  -r(i)sm{2KkA  /  n)  + q{i)cos{2KkJ /  A^) 

(10) 

BiJ)=  r{i)cos{2nkJ/ N)+q{i)sin{2nkJ/ n) 


where,  N  is  the  number  of  samples  used  for  each  phase 
measurement  and  ks  is  the  signal  frequency  that  is  provided  by 
the  frequency  processing  board. 

The  numbers  A(J)  and  B(J)  are  latched  and  fed  to  the  second 
section  of  the  pipeline.  In  this  section  the  following  is 
computed: 


IMj^i  =  lMj+AiJ) 
REj^^  =  REj  +  B{J) 


(11) 


where  /M(f=0  and  R£o=0.  At  the  end  of  N  computational 
cycles,  the  values  of  REn  and  IMn  are  latched  and  fed  to  the 
third  section  of  the  pipeline.  In  this  section,  the  phase  of  the 
channel  c  (c=l,2  or  3)  based  on  current  N  samples  is 
computed  as  follows: 


ec,/v=tan 


-1 


REn 


(12) 


In  the  fourth  section,  the  phase  measurement  is  validated  by 
computing  the  signal  power  at  the  Doppler  signal  frequency 
k^ .  The  signal  power  of  the  channel  c  during  the  time  of  the 
current  phase  measurement  is  given  by: 

Pc,N=[REf,)^-^{lM,f  (13) 

The  signal  power  of  each  of  the  three  channels  is  then 
compared  with  a  software  controllable  threshold  in  the 
frequency  domain.  If  all  of  them  pass  this  threshold,  the 
current  phase  measurement  is  latched  and  transferred  to  the 
I/O  port. 

Several  tests  have  been  conducted  to  evaluate  the  performance 
of  the  RSA  for  phase  measurement.  In  the  first  test  a  tunable 
RF  generator  was  used  to  modulate  simulated  Gaussian 
pedestal.  Both  the  conventional  and  the  modified  sampling 
schemes  were  tested  using  clean  signal.  The  ambiguity  in  the 
phase  measurement  was  reproduced  by  careful  tuning  of  the 
RF  generator.  Figure  (7)  shows  the  performance  of  these 
schemes  over  the  processor  bandwidth.  With  the  conventional 

sampling,  the  rms  error  was  7°  at  /^  /  4 .  Using  the  modified 

sampling  scheme,  the  rms  error  is  reduced  to  less  than  1  .  It 
should  be  pointed  out  that  the  rms  error  (at  of  the 

conventional  sampling  using  the  signal  generator  is  much  less 
that  obtained  with  the  computer  simulation  (presented  in 
figures  4  a,  b,  c  and  d).  This  reflects  the  fact  how  difficult  it  is 
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to  reproduce  the  problem  as  we  go  from  perfect  computer 
simulated  signals  to  real  measurements  using  modulated 
Gaussian  signals. 

Figure  (8)  shows  the  performance  of  the  RSA  under  different 
SNR  conditions.  By  using  three  detectors  (as  described  in  ref. 
[8]),  the  effective  phase  rms  error  is  reduced  by  a  factor  that  is 
determined  by  the  ratio  of  the  detector  separation  between 
detector  1&3  to  the  detector  separation  1&2.  With  the 
standard  Aerometrics  set-up,  the  rms  error  can  be  reduced  by  a 
factor  of  three.  With  this  configuration,  the  rms  error  is  less 

than  2°  even  at  SNR  of  0  dB.  Moreover,  the  use  of  three 
detectors  allows  an  additional  validation  method.  With  this 
method,  the  phase  measurement  from  the  three  detectors 
should  fall  within  a  certain  window.  This  proves  to  be 
powerful  validation  criteria  for  the  detection  of  erroneous 
phase  measurement  results  and  to  resolve  the  ambiguity  in 

phase  measurement  around  0  and  360  .  Without  the  use  of 

this  scheme  small  particles  (with  phase  values  close  to  0  ) 
may  be  interpreted  as  large  particle  (with  phase  values  close  to 

360°). 

6-  Conclusion: 

The  essential  elements  for  real  time  phase  measurement  have 
been  defined  in  this  paper.  Both  the  analog  and  the  digital 
approaches  of  implementation  have  been  evaluated.  For  both 
approaches.  It  is  shown  that  for  accurate  phase  measurement, 
quadrature  signals  should  be  used  with  noisy  environments.  It 
is  shown  that  the  digital  approach  provides  a  practical  scheme 
of  implementation.  With  this  approach,  it  is  shown  that  the 
classical  methods  of  sampling  will  not  resolve  the  ambiguity 
that  happens  for  phase  measurements  at  /^  /  4  even  if  8-bit 
ADC’s  are  used.  A  novel  sampling  scheme  is  presented.  With 
this  scheme  the  ambiguity  is  resolved  even  with  1-bit  ADC. 
This  scheme  coupled  with  the  innovative  RSA  architecture  is 
then  used  for  the  implementation  of  a  real  time  signal 
processor  for  phase  measurement. 
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ABSTRACT 

The  objective  of  the  present  study  is  to  clarify  the 
influence  of  flame  on  the  phase-Doppler-anemometry  (PDA) 
and  to  discuss  quantitatively  the  accuracy  of  droplet  size  and 
velocity  measurements  using  a  known-size  polystyrene 
particle  and  a  Bunsen  burner  placed  on  the  optical  path  of 
PDA  to  simulate  the  variation  of  refractive  index  of 
combusting  field.  It  was  found  that  the  fluctuation  of  flame 
had  significant  influences  on  the  measurement,  especially  on 
the  size,  and  some  scattering  of  measured  data  was  observed, 
while  the  measured  mean  diameter  obtained  in  these 
experiments  had  little  difference  depending  on  the  existence 
of  a  flame  in  front  of  the  PDA  optics  or  not.  Furthermore, 
we  tried  to  elucidate  the  cause  of  errors  by  comparing  the 
scattered  data  of  size  measurement  with  the  displacement  of 
incident  laser  beams.  As  a  result,  it  was  found  that  the 
displacement  of  the  laser  beams  can  be  related  to  the  degree 
of  errors  caused  by  the  interference  of  flame  on  the  optical 
path  of  PDA. 


1.  INTRODUCTION 

Some  of  the  characteristics  of  spray  combustion  are 
still  unknown  although  it  has  long  been  used  in  industries. 
The  structure  of  spray  flames  are  affected  by  dispersion  of 
fuel  droplets  which  follow  different  trajectories  depending  on 
their  diameter  and  the  turbulence  in  flows.  Since  the  phase- 
Doppler-anemometry  (PDA)  had  been  introduced  into 
combustion  researches  as  a  powerful  tool  to  measure  spray 
fields,  a  number  of  intension  applying  the  technique  to  the 
non-intrusive  detection  of  droplet  behavior  in  spray  flames 
(Bachalo  and  Houser.  1984;  Hardalupas  et  al.,  1990;  Qiu  and 
Sommerfeld.  1992;  Domnick  et  al.,  1994;  AkamaLsu  et  al., 
1994;  Li  et  al..  1995)  have  been  reported.  In  spite  of  the 
usefulness  of  PDA,  the  accuracy  of  the  measurement  in 
flames  has  not  been  discus.sed  intensively.  The  measuring 
errors  may  possibly  occur  due  to  interaction  of  some 
infiucncing  factors  peculiar  to  combusting  flows,  .such  as,  1) 


the  change  of  refractive  index  of  droplets  due  to  temperature 
rise  during  the  passage  through  a  combusting  fields  (Pitcher 
et  al.,  1990;  Schneider  et  al.,  1994),  2)  the  fluctuation  and 
gradient  of  refractive  index  due  to  the  existence  of  flames  and 
fuel  vapour  along  the  optical  path  of  PDA  optics,  hence  a 
vibration  of  measuring  volume  or  a  change  of  crossing-angle 
of  beams,  3)  the  deterioration  of  Doppler  signal  due  to  flame 
luminosity,  4)  the  size  change  of  a  droplet  during  the  passage 
through  the  measuring  volume  due  to  vapourization. 

In  connection  with  the  laser-Doppler-velocimetry 
(LDV),  a  number  of  researchers  reported  the  influence  of 
flame  on  LDV  measurements  (Hong  et  al.,  1977,  Buchhave 
and  George.  1979).  The  influence  of  flame  on  PDA 
measurements,  however,  has  not  been  reported  yet  with  a  few 
exceptions  (Martin.,  1992,  Hirohata  et  al.,  1995). 

The  objective  of  the  present  study  is  to  clarify  the 
influences  of  flame  on  PDA  measurements  and  to  discuss 
quantitatively  the  accuracy  of  droplet  size  and  velocity 
measurements  using  a  polystyrene  particle  of  known 
diameter. 


2.  EXPERIMENTAL  APPARATUS 

Figure  1  shows  the  experimental  set-up.  A 
polystyrene  particle  of  known  diameter,  measured  with  a 
microscope,  was  attached  on  a  rotating  disc  driven  by  a  motor. 
The  whole  rotating  device  was  fixed  on  a  3-D  micro  stage 
having  positioning  resolution  0.01mm.  The  optics  of  PDA 
was  carefully  aligned  so  as  the  particle  to  cross  cyclically  the 
center  of  measuring  volume  of  PDA.  The  position  of  the 
particle  and  the  input  voltage  of  receiving  photomultipliers 
were  adjusted  for  each  experimental  condition  which  was 
thought  to  have  influences  on  the  measurement.  We  used 
the  receiving  optics  and  the  signal  processor  of  PDA 
commercially  available  (DANTEC.  57X10  and  58N10),  but 
adopted  specially  designed  transmitting  optics.  The  light 
source  for  the  PDA  transmitter  was  an  Ar*  laser  (Spectra 
Physics,  Stable  2017.  wave  length=514.5  nm).  The 
specifications  of  the  PDA  .system  are  shown  in  Table  1. 


2.4.1. 


A  Bunsen  burner,  inner  and  outer  diameters  of  which 
was  13  mm  and  16  mm,  re.spectively,  was  placed  on  the 
optical  path  of  the  tran,smitter  or  on  that  of  the  receiver  of  the 
PDA  to  .simulate  the  variation  of  refractive  index  of 
combusting  field  on  PDA  measurements.  As  .seen  in  Figure 
2  the  burner  was  traversed  horizontally  or  vertically  between 
the  object  and  the  transmitter  or  the  receiver  to  change  the 
temperature  and  its  lluctuation  intensity  profiles  on  the  path. 
Z,,  and  denote  the  burner  location  from  the  transmitter  or 
the  receiver,  respectively.  H  is  the  height  from  the  burner 
port  to  the  optical  path.  Adding  that,  two  types  of  flames,  a 
non-luminous  premixed  fiame  (the  equivalence  ratio  <j>  =1.46. 
Reynolds  number  Re=  1781)  and  a  luminous  diffusion  flame 


Ar'*’laser 


Table  1  Specification  of  PDA  sytem 


Transmitting  optics: 

Wavelength  of  laser  beam 

oU.B 

nm 

Diameter  of  laser  beam 

1.34 

rm 

Focal  length  of  front  lens 

500 

nm 

Beam  separation 

51. 5 

nm 

Spot  diameter 

244.8 

u  m 

Fringe  spacing 

5. 0 

/jctn 

Fringe  number 

49 

Receiving  optics: 

Off  axis  angle 

63  degree 

Focal  length  of  receiving  optics 

310 

nm 

Width  of  spatial  f i 1  ter 

100 

^  m 

Range:  .Maximum  diameter 

254.0 

/z  m 

Maximum  veloci  ty 

1.5 

m/s 

Minimum  velocity 

-0.5 

m/s 

Bandwidth  of  signal  processor 

11.4 

MHz 

Frequency  shift 

40 

MHz 

SampI ing  t ime 

UK.) 

s 

Lj  or  mm 


PDA  transmitter 
or  receiver 


mm 


Bunsen  burner 


Fig.2  Burner  traverse  direction 


(Rc=95).  were  u.sed  to  examine  the  influence  of  continuous 
emission  of  .soot  on  the  signal  to  noi.se  (S/N)  ratio  of  PDA 
signal.  Figure  3  shows  the  mean  temperature  distribution 
and  the  di.stribution  of  temperature  fluctuation  measured  with 
an  electronically  compen.satcd  Pt/Pt-139(Rh  thermocouple  of 
25pm.  It  .shows  that  the  mean  temperature  of  the  non- 
luminous  flame  was  higher  than  that  of  the  luminous  flame 
and  the  mean  temperature  gradually  decreases  while  the 
temperature  fluctuation  increases  along  the  burner  axis. 

3.  RESULTS  AND  DISCUSSION 

Figure  4  shows  a  series  of  measured  velocity  and  size 
of  the  particle  subjected  to  the  interference  of  the  flame.  The 
diameter  of  polystyrene  panicle  u.sed  in  this  experiment  was 
153pm.  Figure  4(a),  (b)  and  (c)  correspond  to  the  cases  (a) 
without  flame,  (b)  with  non-luminous  name  and  (c)  with 
luminous  flame,  respectively,  placed  at  150  mm  in  front  of 
the  transmitter  lens  and  at  77=50  mm.  Almost  precise 
diameters  and  velocities  were  obtained  when  there  was  not 
any  flame  interference.  In  contrast,  some  influences  of 
flame  were  recognized.  Both  in  velocity  and  size 
mea,surements,  the  rejection  of  data  and  the  deviation  of 


non-luminous 

fu_-  luminous  flame 


r  mm 


(a)  Mean  temperature 


r  mm 


(b)  Temperature  fluctuation 
Fig.3  Temperature  di.stribution  of  Bun.scn  burner 


2.4.2. 


meusured  values  occurred  occasionally  due  to  the  influence  of 
name.  This  facts  .suggest  us  that  attention  should  be  paid 
when  we  caiTy  out  a  time  series  measurement  with  the  PDA 
in  a  name. 

The  probability  distribution  of  measured  velocities  and 
sizes  under  the  same  condition  are  shown  in  Figure  5,  as  well 
as  the  mean  and  rms  values  of  the  distributions.  Judging 
from  these  values  and  distributions,  the  inriuence  of  Hame 
was  not  noticeable  in  velocity  measurement,  especially  in 
terms  of  the  mean  value.  In  fact,  the  inHuence  of  name  was 
negligible  in  velocity  measurement,  and  it  will  not  be 
discussed  further.  The  size  measurement,  on  the  other  hand. 
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(c)  With  luminous  tlamc 
Fig.4  Time-series  data  of  panicle  velocity  and  size 


showed  noticeable  inlluences  of  the  Hamc.  Though  the 
derived  mean  diameter  was  almost  unaffected,  the  more 
scattering  of  measured  diameters  due  to  tlamc  was  observed 
than  in  the  ca.se  without  flame. 

In  order  to  see  the  disturbance  on  which  side  of  the 
object,  on  the  transmitter-side  or  the  receiver-side,  is  more 
influential  on  the  measurement,  the  mean  measured  diameter 
D,„  versus  flame  location  is  shown  in  Figure  6.  During 
these  experiments,  the  distance  H  between  the  optical  path 
and  the  burner  port  was  set  50  mm  in  order  to  keep  the 
temperature  profile  and  fluctuation  intensities  on  the  optical 
path  constant.  Regarding  the  measurement  of  mean 
diameter,  the  flame  location  showed  little  difference 
depending  on  whieh  side  or  how  far  from  the  lens  it  was 
placed.  It  is  clear  that  the  biassing  of  obtained  mean 
diameter  did  not  occur.  Figure  7  shows  rms  values  D’ 
plotted  versus  fiame  location,  on  the  transmitter-side  and  the 
receiver-side,  respectively.  Some  scattering  of  data  in  size 
measurement  was  produced  by  the  existence  ot  fiame.  The 
influence  was  more  noticeable  when  the  fiame  was  placed  on 
the  recciver-.side,  and  the  nearer  to  the  receiver  the  flame  was 
placed,  the  more  scattering  of  data  was  observed  while  the 
difference  between  luminous  and  non-luminous  flames  had 
only  a  negligible  effect  on  signal  to  noise  ratio. 
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Fig.5  Probability  di.stribution  of  the  measured  size  and  velocity 
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(a)  transmilter-side 


mm 


(b)  receiver-side 

Fig.6  Inlluence  of  flame  location  on  the  measured 
mean  diameter 


Lj  mm 

(a)  transmitter-side 
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(b)  receiver-side 

Fig.7  Influence  of  flame  location  on  the  deviation  of 
measured  diameter 


To  discuss  the  cause  of  errors,  we  need  to  distinguish 
the  flame  effects  on  the  transmitter-side  from  those  on  the 
receiver-side.  In  case  of  the  flame  placed  on  the 
transmitter-side,  the  change  of  refractive  index  affected  by 
the  flame  may  shift  the  refraction  of  two  incident  Ia.ser  beams 
delicately  resulting  in  the  change  of  intersection  angle,  the 
change  of  distribution  of  laser  intensity  in  the  measuring 
volume,  and  the  change  of  size  and  position  of  the  volume. 
Therefore,  the  nearer  to  the  transmitter  the  flame  was  placed, 
the  more  enlarged  influences  in  the  measuring  volume  might 
be  produced,  hence  the  larger  variance  of  the  data. 

In  ca.se  of  the  flame  placed  on  the  receiver-side,  on  the 
other  hand,  Doppler  signals  through  the  flame  region  are 
refracted  depending  on  the  change  in  refractive  index  and  the 
deterioration  of  Doppler  signals  due  to  the  flame  is  produced, 
which  can  be  ob.scrved  with  an  o.scilloscope  in  practice. 
Furthermore,  the  focal  point  moves  due  to  the  flame  effects. 
Accordingly,  the  phase  detected  by  each  photomultiplier  is 
thought  to  be  affected  delicately. 

In  order  to  understand  which  factor,  the  mean 
temperature  gradients  or  the  temperature  fluctuations  on  the 
optical  path  of  PDA,  was  more  influential  on  the  accuracy, 
the  burner  was  traversed  vertically  as  well  as  horizontally, 
taking  the  measured  distributions  in  Figure  3  into  account. 
If  wc  incrca.sc  the  height  //,  that  is  the  distance  from  the 


burner  port  to  the  optical  path,  from  50  mm  to  175  mm.  the 
mean  temperatures  crossing  the  optical  path  decrease 
accompanying  the  increased  temperature  fluctuations.  The 
diameter  of  the  polystyrene  particle  used  here  was  153pm  and 
the  flame  was  the  non-luminous  premixed  flame  mentioned 
above.  Figure  8  shows  the  mean  measured  diameter 
plotted  versus  flame  location  including  the  change  of  height 
as  a  parameter,  and  the  mean  measured  diameter  exhibited 
little  change  in  terms  of  the  height.  The  derived  rms  values 
D’  in  Figure  9,  on  the  other  hand,  showed  some  prominent 
increase  with  the  increase  of  H,  especially  in  the  case  of  the 
burner  placed  on  the  receiver-side.  Flowever,  the  accuracy 
of  PDA  has  been  discussed  so  far  in  terms  of  and  H 
which  denote  the  burner  location  relative  to  the  optical  path 
of  PDA.  The.se  variables  are  not  related  directly  to  the 
physical  quantities  which  define  the  accuracy  of 
measurements.  Therefore,  we  need  to  correlate  these  flame 
locations  to  some  physical  properties  or  indices  which  will 
yield  general  characteristics  of  the  accuracy  of  the 
measurement. 

When  we  place  the  flame  on  the  transmitter-side,  the 
principal  cau.se  of  the  observed  errors  brought  by  the  shift  of 
cro.s.sing  angle,  the  change  of  the  distribution  of  la.scr  intensity 
in  the  measuring  volume,  and  the  size  and  position  of  the 
volume  can  be  attributed  to  the  movement  or  vibration  of 


2.4.4. 


incident  laser  beams  due  to  the  fluctuations  of  refractive 
index,  hence  temperature  fluctuations.  Thus  we  try  to 
examine  the  relation  between  the  observed  deviation  of  the 
data  and  the  measured  temperature  fluctuations  shown  in 
Figure  3. 

The  space  variable  rj .  having  its  origin  at  the  crossing 
point  of  incident  ta.ser  beams,  is  defined  as  shown  in  Figure 
10.  Then  we  can  easily  define  the  distributions  of 
temperature  fluctuation  along  the  upper  and  lower  laser 
beams  as  r'_,(  7  )  and  T'f^  7  ).  respectively.  Since  the  farther 
from  the  cro.ssing  point  refraction  may  occur,  the  more 
enlarged  displacement  at  the  point  is  yielded,  the  influence  of 
refraction  at  the  crossing  point  is  considered  to  be 
proportional  to  the  product  of  the  distance  of  refracting  point 
from  the  crossing  point  and  the  temperature  fluctuation 
intensity.  Thus,  the  total  influences  of  temperature 
fluctuations  along  laser  beams  at  the  crossing  point  is 
cxprc.s.sed  as; 

F  =  j  r|7;;(ri)t/r|  +  J  TiTJ'Cn)^^  (•) 

0  0 

where  /,  is  a  focal  length  of  the  transmitter.  Figure  1 1 
.shows  the  e.siimatcd  di.stribution  of  F, -values  as  a  function  of 


Fig.  1 0  Definition  of  spacial  distance  along  laser  beams 
and  the  distribution  of  temperature  fluctuation 

L,  and  H  using  the  measured  distributions  in  Figure  3.  F,- 
value  increases  with  the  increase  of  H  and  with  the  decrease 
of  L,.  The  tendency  of  F-value  is  similar  to  that  of  D'-value 

as  seen  in  Figures  7(a)  and  9(a). 

When  we  place  the  flame  on  the  receiver-side,  the  shift 
of  phase  in  Doppler  signal  may  occur  as  well  as  the  delicate 
change  of  coincidence  of  the  view  of  the  receiver  and  the 
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measunng  point  as  discussed  for  the  transmitter-side.  As 
shown  in  Figure  12  the  former  may  be  affected  by  the 
integration  of  temperature  lluctuations  in  the  view  field  as 
follows. 


F  =  I  T'd 
r  Jv 


where  Vis  the  collection  volume  of  receiving  optics  as  shown 
in  Figure  12.  Figure  13  shows  the  estimated  distribution  of 
F^-values  as  a  function  of  and  H.  F^-vaiue  increases  with 
the  increa.se  of  H  and  with  the  decrease  of  L^.  The  tendency 
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Fig.  14  Experimental  apparatus  for  la.ser  beam  displacement 
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Fig.  12  Solid  view  angle  of  receivng  optics 


Fig.  13  Distribution  of  F^-value 


(a)  Without  flame  (b)  //=50mm  (c)  H=15mm  (d)  //=125mm 
Fig.  15  Loci  of  the  two  incident  laser  beams  on  the 
laser  trap  plate 

of  F^-value  is  similar  to  that  of  D’-value  as  seen  in  Figures 
7(b)  and  9(b).  Adding  that,  F^  changes  more  widely  for  the 
change  in  flame  location  compared  with  F, .  which  was  also 
observed  in  the  experiments. 

Thus,  it  is  confirmed  that  the  temperature  fluctuation, 
hence  the  fluctuation  in  refractive  index  along  the  optical  path 
of  PDA  is  one  of  the  most  influential  factors  on  the  accuracy 
of  PDA  measurements. 

However,  it  is  not  easy  to  know  the  profile  of 
temperature  fluctuations  along  the  optical  path  in  practical 
PDA  measurements.  Therefore,  we  try  to  evaluate  the 
quantitative  relationship  between  the  variance  of  obtained 
data  and  the  actual  displacement  of  measuring  point  due  to 
flame  effects  which  is  practically  measurable  in  the 
measurement.  Figure  14  .shows  the  experimental  apparatus 
used  for  the  purpose.  The  loci  of  two  incident  la.ser  beams 
projected  on  the  laser  trap  plate  located  at  L,=1050  mm  from 
the  measuring  volume  and  the  velocity  and  size  of  droplets 
were  obtained  simultaneously  by  using  a  CCD  camera  and  the 
PDA  processor  described  previously.  300  frames  for  10 
seconds  were  recorded  continuously  by  the  CCD  camera.  In 
these  experiments  the  diameter  of  the  polystyrene  particle 
used  here  was  105  pm  and  the  non-luminous  premixed  llame 


Fig.  16  Definition  of  laser  beam  displacement 


Fig.  17  Comparison  of  the  deviation  of  measured  diameter 
with  the  laser  beams  displacement 

was  placed  on  the  transmitter-side  at  L=150  mm  and 
traversed  vertically.  The  loci  of  the  two  beams  on  the  laser 
trap  plate  are  shown  in  Figure  15.  As  seen  in  the  figure,  the 
displacement  of  the  loci  were  gradually  increased  with  the 
increase  of  H.  In  order  to  evaluate  the  displacement  of  the 
loci  quantitatively,  we  difined  A'  representing  the  deviation 
of  the  displacement  of  the  measuring  volume  from  the 
original  position  unaffected  by  the  flame  as  shown  in  Figure 
16.  Practically.  A'  is  given  as  follows. 


A'  =  A'J  L^  +  A]/ (3) 

where  A'^  and  A^  arc  rms  values  of  each  displacement  of 

incident  beams,  upper  and  lower  beams,  respectively. 

Comparison  of  rms  values  D'  of  mea.sured  diameters 
with  the  deviation  of  the  displacement  A'  is  demonstrated  in 
Figure  17.  The  degree  of  error  D'  increases  with  the 
increase  of  H.  which  corresponds  to  the  similar  tendency  of 
the  displacement  of  the  measuring  volume.  It  is  suggested 
that  the  simultaneous  measurement  of  the  displacement  of 
laser  beams  in  the  PDA  measurement  is  helpful  in  estimating 
the  degree  of  errors  caused  by  the  existence  of  flame  on  the 
optical  path  of  PDA. 

Figure  18  shows  the  influence  of  laser  inten.sity 
associated  with  flame  effects  on  PDA  measurements.  The 
diameter  of  the  polystyrene  particle  used  here  was  153|im  and 
the  non-luminous  premixed  flame  was  placed  on  the 
receiver-side  at  L^=125  mm,  H—50  mm  and  the  intensity  of 
the  incident  la.ser  beam  was  adjusted  to  be  3,  5.  7  raW  at  the 
measuring  volume,  respectively.  By  comparing  sample 
numbers  obtained  in  three  cases  it  is  found  that  the  rejection 
of  datum  due  to  flame  effects  was  apt  to  occur  for  the  lower 
laser  beam  intensity.  As  seen  in  the  figures,  when  flame  was 
on,  the  validation  rates  fell  considerably  with  the  low 
intensity  laser  beams,  while  the  high  rates  were  maintained  by 
increasing  the  laser  beam  intensity.  The.se  facts  indicate  that 
the  deterioration  of  Doppler  signal  occurs  in  flames  and  a 
powerful  laser  is  needed  for  practical  measurements  in 
combusting  flows.  Furthermore,  as  shown  in  Figure  18(c), 
rms  value  D  ’  in  size  measurement  was  increased  by  the  flame 
effect  although  it  seemed  to  be  independent  of  the  intensity  of 
laser  beam. 


4.  CONCLUSIONS 

In  order  to  elucidate  the  influences  of  flames  on  PDA 
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Fig.  18  Influence  of  the  intensity  of  two  incident  laser  beams 
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measurement  in  combusting  Hows,  wc  measured  the  size  and 
velocity  of  a  polystyrene  particle  of  known  diameter  which 
was  disturbed  by  the  existence  of  tlame  on  the  optical  path  of 
PDA.  Furthermore,  we  earned  out  simultaneous 
measurement  of  PDA  and  the  displacement  of  la.ser  beams 
using  a  CCD  camera  to  discu.ss  the  most  influencing  factors 
of  the  en-ors  due  to  flames.  The  obtained  results  are 
summarized  as  follows: 

(1)  The  occasional  rejection  of  data  may  possibly  occur  by 
the  existence  of  a  flame  on  the  optical  path  of  PDA. 

(2)  The  influence  of  flame  is  not  noticeable  in  velocity 
measurements,  especially  in  terms  of  mean  values. 
However,  some  scattering  of  data  occur  in  size 
measurements. 

(3)  Fluctuations  of  temperature,  hence  fluctuations  of 
refractive  index,  are  more  influential  as  a  cause  of  errors 
in  PDA  measurements  than  the  mean  temperature  profile. 

(4)  The  influence  of  flame  is  significant  when  it  is  placed  on 
the  receiver-side,  and  the  nearer  to  the  receiver  it  is 
placed,  the  more  .scattering  of  data  is  produced,  while  the 
difference  between  luminous  and  non-luminous  flames 
has  only  a  negligible  effect  on  signal  to  noise  ratio. 

(5)  The  displacement  of  the  laser  beam  can  be  related  to  the 
scattering  of  measured  data  caused  by  the  influence  of  the 
flame  placed  in  front  of  the  PDA  optics. 
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ABSTRACT 

The  paper  presents  a  technique  for  particle  mass  flux 
measurements  in  dispersed  two-phase  flows  by  a  standard 
phase-Doppler  anemometry  with  an  A/D  converter  based  sig¬ 
nal  processor.  The  purpose  was  to  improve  the  accuracy  of 
mass  flux  measurements,  which  depends  on  the  area  size  of 
the  probe  volume  and  signal  processing  technique.  The  area 
of  probe  volume  was  calculated  by  a  geometrical  optics  ap¬ 
proximation  after  considering  two  major  error  sources,  called 
the  ‘trajectory  ambiguity’  and  the  ‘slit  effect'.  The  calculation 
results  showed  that  the  effective  measuring  area  can  be  deter¬ 
mined  as  a  simple  function  of  the  probe  diameter,  size  of  the 
spatial  filter  and  particle  diameter  when  the  ‘phase  validation’ 
is  applied.  The  amplitude  of  PDA  signals  determined  the  ef¬ 
fective  measuring  area  in  the  probe  volume  and  ensured  mea¬ 
surement  in  a  higher  signal  to  noise  ratio  region  avoiding  sig¬ 
nals  from  particles  crossing  the  edge  of  the  probe  volume.  The 
flux  measurement  of  a  hollow-cone  spray  indicated  thaMhe 
error  did  not  exceed  20%,  at  a  volume  fraction  of  1.8x10"’^%. 

1  Introduction 

The  determination  of  mass  flux  of  the  particulate 
phase  is  very  important  in  order  to  investigate  the  flow  charac¬ 
teristics  of  dispersed  multi-phase  flows,  as  well  as  the  particle 
size  and  velocity.  The  phase-Doppler  anemometry  (PDA), 
which  can  provide  size  and  velocity  information  of  spheres,  is 
one  of  the  most  well  accepted  techniques  for  this  purpose  and, 
several  signal  processing  techniques  have  recently  been 
achieved  [e.g.  Domnick  et  al.,  1993;  Kobashi  et  al.,  1992; 
Bachalo  et  al.,  1988]. 

The  mass  flux  can  be  quantified  from  the  total  mass  of 
particles  passing  across  the  measuring  area  per  unit  time. 
With  regard  to  measurement  accuracy,  there  are  two  major 
difficulties  which  still  require  attention:  the  first  one  is  the  ac¬ 
curacy  in  determining  the  size  of  the  effective  probe  volume, 
and  the  second  is  the  Doppler  signals  with  poor  signal  to  noise 
ratio  (SNR)  which  may  r^uce  die  data  rate. 

There  are  a  number  of  studies  treating  the  first  prob¬ 
lem.  At  an  early  stage,  the  attention  was  focused  on  the  par¬ 
ticle  size  dependence  of  the  probe  volume  [e.g.  Saffman, 
1987;  Qiu  et  al.,  1992;  Higuchi  et  al.,  1994].  Recently,  how¬ 
ever,  two  error  sources  were  reported,  namely  trajectory  ambi¬ 
guity  (TA)  [Gouesbet  et  al.,  1990;  Sanker  et  al.,  1992]  and  slit 
effect  (SE)  [Durst  et  al.,1994],  which  yield  errors  for  both  par¬ 


ticle  size  and  mass  fraction  due  to  the  relatively  strong  magni¬ 
tude  of  the  reflected  light  to  refracted  light.  Hence,  minimising 
these  error  sources  became  an  urgent  topic  for  mass  flux  mea¬ 
surement.  Although  several  techniques  [Xu  et  al.,  1994; 
Tropea  et  al.,  1995,  Aizu  et  al.,  1993]  were  developed  which 
overcome  this  problem,  they  require  additional  optical  compo¬ 
nents  which  further  complicate  the  alignment  procedure  and 
rule  out  their  use  in  a  standard  PDA  set-up. 

The  second  major  difficulty  is  the  variation  of  SNR  of 
Doppler  signal.  Since  a  laser  beam  has  a  Gaussian  intensity 
distribution,  signal  amplitude  is  dependent  on  the  particle  tra¬ 
jectory  even  if  the  particle  distribution  is  mono-disperse. 
Large  variation  of  particle  size  makes  the  measurement  even 
more  difficult.  For  accurate  mass  flux  measurements,  all  the 
particles  passing  through  the  measuring  volume  must  be  con¬ 
sidered,  and  an  appropriate  technique  must  be  introduced  to 
minimise  the  ambiguity  caused  by  the  signal  amplitude.  In  an 
effort  to  meet  such  a  requirement,  a  signal  processor  based  on 
an  A/D  converter  was  chosen,  since  it  has  been  shown  to  be 
effective  at  processing  signals  with  poor  SNR  [e.g.  Qiu  et  al., 
1992;  Higuchi  et  al.,  1994]. 

The  purpose  of  the  present  study  is  to  improve  the  ac¬ 
curacy  of  mass  flux  measurement  with  a  standard  PDA  setup, 
by  overcoming  the  two  problems  which  may  have  combined 
effects  on  sizing.  In  order  to  minimise  the  error  in  the  effec¬ 
tive  measurement  area,  the  intensity  of  the  scattered  light  by 
spheres  was  calculated  with  a  geometrical  optics  approxima¬ 
tion  considering  the  combined  error  from  both  TA  and  SE  as 
described  in  the  following  section.  In  section  3,  the  combined 
error  caused  by  TA  and  SE,  and  the  ability  to  reject  the  errone¬ 
ous  data  in  sizing  by  phase  ratio  validation  scheme 
[Hardalupas  et  al.,  1994]  are  discussed.  The  results  of  mass 
flux  measurement  in  a  dense  water  spray  is  described  in  sec¬ 
tion  3,  which  is  followed  by  the  conclusions  of  the  present 
study  in  section  4. 

2  Determination  of  the  Effective  Measuring  Area 
2.1  Calculation  Method 

In  the  standard  configuration  PDA,  shown  in  Figure  1, 
only  refracted  light  is  needed  for  sizing  because  the  refracted 
light  is  dominant  compared  to  the  other  scattering  modes. 
However,  signals  due  to  reflected  light,  which  has  a  phase- 
diameter  response  curve  with  opposite  slope  to  that  of  refrac¬ 
tion,  can  have  a  comparable  intensity  if  the  scatterer  is  on  the 
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farther  side  of  the  measuring  volume  relative  to  the  receiving 
optics  due  to  the  Gaussian  intensity  distribution  of  the  laser. 
This  effect  cause  erroneous  sizing  and  is  the  so  called  ‘trajec¬ 
tory  ambiguity’  (TA).  Similarly,  the  use  of  a  spatial  filter  in 
the  receiving  optics  can  affect  sizing  because  it  blocks  re¬ 
fracted  light  from  reaching  the  collecting  lens  if  the  particle  is 
on  the  edge. 


Flow  Dvccxioo 


Fig.  1 :  A  standard  phase-Doppler  arrangement  and 
the  coordinate  system. 

The  area  where  a  panicle  predominantly  reflects  the 
laser  light  must  be  excluded  from  the  measurement  region. 
Since  the  TA  and  SE  yield  complexity  and  incorrect  measure¬ 
ment  in  the  sizing,  it  is  very  important  to  determine  the  area  in 
which  the  signal  provides  the  correct  particle  size.  Although 
the  effects  have  been  investigated  independently,  they  may 
cause  combined  error  of  the  measured  size.  For  prediction  of 
the  corr^t  measurement  area  size,  a  calculation  based  on  the 
geometrical  optics  approximation  was  carried  out. 

The  coordinate  system  for  calculation  is  illustrated  in 
Figure  1.  Two  beams  form  an  ellipsoidal  probe  volume  and 
Ae  size  of  this  volume  is  defined  by  three  diameters,  where 
intensity  is  1/e'^  of  the  maximum  intensity  at  the  centre,  D^, 
Dy  and  D^,.  The  centre  of  \he probe  volume  corresponds  to  the 
origin  o.  The  scattered  light  was  collected  by  the  receiving 
optics,  which  was  equipped  at  an  off-axis  angle,  with  a  spa¬ 
tial  limitation  determined  by  the  slit.  And  the  volume  limited 
by  the  spatial  filter  is  referred  to  as  x\\e  measuring  volume .  The 
size  of  the  detection  area,  which  is  the  cross-sectional  area  of 
the  measuring  volume,  depends  on  particle  size  and  the  sensi¬ 
tivity  of  the  instrument.  And  in  the  present  study,  the  area  in 
which  a  particle  provides  valid  size  information  is  defined  as 
the  effective  measuring  area,  as  shown  in  Figure  2.  Note  that 
^e  particle  does  not  always  give  the  correct  size  information 
in  the  detection  area. 

Scattered  light  intensity  and  phase  were  obtained  by 
the  s^e  procedure  as  Hardalupas  [1989],  The  calculation 
domain  of  scattered  light  intensity  and  phase  was  limited  to 
the  plane j’-o-z  in  Figure  2,  while  particles  move  perpendicular 
to  the  planety-o-z.  Rectangular  grid  with  1  fim  pitch  was  em¬ 
ployed  along  the  j-o-7  plane  for  particle  locations,  and  the 
phase  differences  between  three  detectors  were  calculated  as 
functions  of  the  particle  location  and  size.  The  range  of  par¬ 
ticle  size  was  varied  up  to  the  size  of  the  slit  image,  and  the 
particle  refractive  index  remained  constant  at  1.33  for  water 
droplets.  Details  of  the  calculated  conditions  are  listed  in 
Table  1. 

2.2  Size  of  the  Effective  Measuring  Area 

Figure  3  (a)  and  (b)  show  the  signal  amplitude  con¬ 
tours  of  20  and  180  fim  diameter  particles  with  condition  No.l 
in  Table  1.  Since  the  signal  processor  used  an  A/D  converter, 
the  signal  amplitude  was  normalised  by  256  (8  bit),  this  level 
corresponded  to  the  maximum  measurable  signal  amplitude 
from  a  p^icle.  The  maximum  particle  diameter  was  the  same 
as  the  slit  width.  The  scattered  light  can  be  recognised  only 
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Fig.  2  :  Definitions  of  the  detection  area  and 
effective  measuring  area,  and  schematics  of 
u-ajectory  ambiguity  and  slit  effect. 


Table  1:  Optical  parameters  used  in  the  calculation 


No. 

Slit  image  width 
(Z^)  [pml 

Max.diameler 
(^pmaxl  iFui] 

Probe  volume 
diameter 
(Dy)  [pm] 

1 

200 

200 

180 

2 

400 

400 

180 

3 

400 

400 

350 

4 

200 

200 

250 

Transmitting  optics 


Parameter 

Unit 

Wave  length  of  the  laser  beam 

514.5  nm 

Beem  inter  section  angle  26 

4.  66° 

Focal  length  of  front  lens 

300  mm 

Receiving  optics 


Off  axis  angle  ^ 

30° 

Rotaion  angle  <p 

1.699°  (l-2ch). 

3.932°  (l-3ch) 

Diameter  to  phase  angle  transfer 
function 

0.731  °/pm  (l-2ch). 
0.315  V  urn  (I-3ch1 

Demensions  of  rectangular  apertures 

3  X  20  mm 

Focal  length  of  imaging  lens 

300  mm 

Focal  length  of  collimating  lens 

150  mti) 

when  the  signal  amplitude  is  above  the  maximum  amplitude 
resolution  of  the  converter;  thus  the  detection  area  was  deter¬ 
mined  by  this  criterion  and  hence,  there  are  no  contour  lines 
outside  detection  area  as  shown  in  Figure  3.  In  figure  3(b),  the 
extra  area  was  observed  in  negative^  and  positive  z  position 
due  to  SE  and  TA. 

Since  the  erroneous  measurement  must  be  avoided,  a 
validation  scheme  based  on  the  phase  ratio  between  phases  1  - 
3  and  1-2  was  applied  [Hardalupas  et  al.,  1994;  Bachalo  et  al., 
1995],  The  tolerance  of  the  validation  has  been  defined  as  the 
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Amplitude 


aval 

(a)  20  nm 

Fig.  3;  Contour  of  the  signal  amplitude  in  the  measuring  volume. 
PAR 


- - - - - -  1 


(a)  20  pm  . 

Fig.  4:  Contour  of  the  phase  acceptance  ratio  (PAR)  in  the  measuring  volume. 


Phase  Acceptance  Ratio,  PAR, 

PAR  =  (l-  (K..,,,  xlOO 

where  rfpi-2ch  aod  ^fpl-3ch  are  *e  particle  diameters  calcu¬ 
lated  from  the  phase  differences  of  two  of  the  three  detectors, 
respectably. 

Figure  4  shows  the  PAR  distribution.  For  a  20  pm 
particle,  no  sizing  errors  were  observed  whereas  for  a  180pm 
particle  sizing  errors  were  large  in  the  extra  area  where  the 
reflected  light  has  relatively  larger  amplitude  than  refracted 
light.  In  this  area,  however,  the  signal  amplitude  was  much 
smaller  than  at  the  centre  of  the  detection  area.  The  shape  of 
the  area  is  consistent  with  the  result  of  the  measurement  by 
Willmannet  al.  [1994]. 

Figure  5  is  the  resultant  average  diameter  over  the y-o- 
z  plane  after  phase  validation  and  it  shows  the  effect  of  the 
scheme.  This  figure  denotes  that  the  validation  is  effective  to 
reject  erroneous  measurement  and  the  correct  sizing  can  be 
achieved  with  a  phase  acceptance  rate  over  90%;  the  PAR  was 
therefore  set  constant  at  90%  in  the  experiments  described  be¬ 
low. 

The  size  of  area  and  the  effective  measuring  area, 
which  was  defined  by  the  area  includes  validated  particle  loca¬ 
tions,  is  different  from  the  detection  area,  because  signal  form 
particles  passing  through  reflection-dominant  area  can  be  re¬ 
jected  by  the  validation.  Figure  6  compares  detection  area  and 
effective  measuring  area.  The  extra  area,  where  sizing  errors 
were  observed,  increased  with  particle  size  and  the  difference 
reached  40%  of  the  detection  area  at  maximum.  This  differ¬ 
ence  was  the  primary  reason  for  overestimation  of  the  effec¬ 
tive  measuring  area,  and  the  error  in  flux  measurement  cannot 
be  avoided  unless  appropriate  validation  of  the  signal,  i.e. 
phase  validation,  was  introduced. 

Detailed  dimensions  of  the  effective  measuring  area 
along  _)!  and  z  axes  are  shown  in  Figure  7  (a)  and  (b),  respec¬ 
tively.  This  figure  denotes  that^y  dimension  of  the  effective 


True  particle  diameter  [pm] 

Fig.  5:  Accuracy  of  size  measurement  with  various 
phase  acceptance  ratio  (validation  tolerance). 


measuring  area,  LK'  in  Figure  2,  consistently  increases  with 
the  particle  size.  On  the  other  hand,  Df  is  preserved  equal  to 
the  z  dimension  of  the  slit  image,  although  the  effective  mea¬ 
suring  area  shifted  toward  negative  z.  These  result  suggest 
that  the  phase  validation  scheme  can  effectively  eliminate  the 
slit  effect  and  it  can  be  neglected  if  the  PAR  is  set  above  90%. 
Although  trajectory  ambiguity  still  remains,  they  do  not  pro¬ 
duce  any  combined  effects  on  the  sizing. 

2.3  Derivation  of  Approximated  Equation  of  the  Effective 
Measuring  Area 

For  the  different  optical  setup  the  same  procedure  was 
carried  out  for  conditions  No.  2,  3  and  4  as  well  as  No.  1  (see 
Table  1  for  further  details).  The  correlation  between  the  size 
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Fig,  6;  Reduction  of  the  detection  area  due  to  the 
trajectory  ambiguity  and  the  siit  effect. 
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Fig.  7;  The  dimension  of  the  detection  area  and 
the  effective  measuring  area,  (a:  locations  along 
the  line  parallel  to  the  slit  image,  b:  along  the 
line  parallel  to  the  z  axis.  ) 


of  the  effective  measuring  area  and  the  particle  size  showed 
similarity  without  obvious  combined  effect  of  SE  and  TA. 
Scattered  plots  in  Figure  8  show  area,  normalised  with  the  size 
of  the  cross  sectional  area  limited  by  the  slit  image  and  mea¬ 
suring  volume  diameter,  D^,  against  particle  diameter 
normalised  by  the  slit  width.  The  resultant  normalised  areas 
coincided  well  for  all  conditions.  Scattered  plots  in  Figure  9 
show  the  area  with  various  dynamic  range  of  the  A/D  con¬ 
verter.  The  width,  in  which  the  signal  amplitude  is  1/e^of  the 
maximum  amplitude,  was  equal  to  that  of  the  measuring  vol¬ 
ume  diameter  for  all  the  conditions.  Hence,  the  size  of  effec¬ 
tive  measuring  area  can  be  determined  as  a  function  of  the  par¬ 
ticle  diameter,  size  of  the  slit  and  probe  diameter. 


The  intensity  of  the  incident  rays  depends  on  the  spa¬ 
tial  position:  so  that  the  incident  intensity  for  the  same  particle 
size  is  given  by 


1  =  L 


e.xp 


(2) 


where /max  is  the  maximum  intensity  in  the  centre  of  the  mea¬ 
suring  volume.  For  the_>'  dimension  of  the  plane  j-o-z,  the 
incident  intensity  profile  is  given  by 


^  =  ^™exp[-2[v/D^)'|  (3) 

M  predicted  by  geometrical  optics,  the  scattered  light  inten¬ 
sity  is  proportional  to  the  square  of  the  particle  diameter; 
hence,  the  amplitude  of  the  unfiltered  signal  S  becomes 

S  =  Crf/  exp|-2(y/Dj^j  (4) 

where  </_  and  C  are  the  particle  diameter  and  a  constant,  re- 

spectivety- 


The  maximum  area  size  of  a  signal  processor  is  depen¬ 
dent  on  its  amplitude  dynamic  range  (DR);  using  the  maxi¬ 
mum  and  minimum  signal  amplitude,  5maxWp)  and^min.  tbe 
width  of  detection  area  in_y  direction  can  be  determined  as  fol¬ 
lows: 


(5) 


The  maximum  amplitude,  ^maxWpmax)*  is  decided  by  maxi¬ 
mum  diameterrfpmax  passing  through  the  central  region  of  the 
measuring  volume.  Then  automatically,  the  minimum  mea¬ 
surable  amplitude,  ^min.  is  determined  as  follows; 


(6) 

As  described  in  Eq.(4),  the  maximum  amplitude  of  the  size  rip 
3rtd  ripmax  are  related  using  constant  C, 


(7) 


Substituting  eq.  (4)  with  (5)  and  (6),  Dy  yields 


(8) 


On  the  other  hand,  the  z  dimension  of  the  effective  measuring 
area,  D/,  is  equal  to  the  z  dimension  of  the  slit  image,  and 
becomes 


D/=  Zp/sin^ 


(9) 
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where  <p  and  are  off-axis  angle  and  the  width  of  the  slit 
image,  respectively.  Hence,  the  size  of  the  effective  measur¬ 
ing  area,  is  multiple  of  Dy’  and  D^’,  given  by 


^In 

DP 

f  A  1 

2" 

sin^  1 

2 

\  Pmtx  / 

(10) 


Comparison  of  the  results  of  calculations  with  Eq.  (10) 
are  shown  in  Figure  8  and  9  by  solid  lines.  These  figures  show 
that  Eq.(lO)  represents  the  size  of  the  effective  measuring  vol¬ 
ume,  although  underestimation  is  observed  in  small  particle 
size  ranges. 


For  practical  mass  flux  measurements,  the  difficulty 
with  using  eq.  (10)  is  the  determination  of  the  maximum  par¬ 
ticle  size,  rfpmax-  since  there  exists  determination  errors  re¬ 
sulting  from  poor  statistics.  Therefore,  the  methods  such  as 
‘weighting  function’  [Shone  et  al.,  1994]  should  be  employed 
to  overcome  these  difficulties.  The  weighting  function  proce¬ 
dure  was  performed  by  choosing  a  reference  diameter  dr,  the 
size  class  with  maximum  number  of  particles.  Once  the  maxi¬ 
mum  amplitude  in  the  reference  size  class  Sj^^(d^)  was  ob¬ 
tained,  rfpjTiax  could  easily  be  determined  with  Se  aid  the  geo¬ 
metrical  opti&  as  follows.  Using  Eq.(lO), 


C  = 


4,^ 


(11) 


Here,  the  value  of  5,^3^  corresponds  to  the  maximum  measur¬ 
able  amplitude  of  tte  A/D  converter,  hence,  instead  of 
Eq.(lO),  the  size  of  the  effective  measuring  area  can  be  de¬ 
scribed  as 


sin^ 


fd, 


(12) 


With  the  aid  of  Eq.(12),  mass  flux  Fj,  and  volume  fraction  Cy 
are  described  as  follows: 

/r  _  ^ 

”  67s  A 


c  _  ^  y 

"  6Tst1  At/, 


(13) 

(14) 


where,  g  ,Ts,  N  and  U  are  the  density  of  the  particle,  total  sam¬ 
pling  time,  particle  number  and  the  velocity  perpendicular  to 
the  effective  measuring  area  for  each  particle  size  class  i,  re¬ 
spectively. 


3  Experiment 


In  order  to  examine  the  accuracy  in  area  estimation 
presented  in  the  previous  section,  two  experiments  were  un¬ 
dertaken.  The  first  test  was  conducted  under  idealised  condi¬ 
tions  with  a  low  noise  environment,  such  that  the  signal  pro¬ 
cessing  technique  could  be  examined.  The  second  test  was 
mass  flux  measurement  for  the  set  of  the  system  with  the  opti¬ 
mum  setting  decided  in  the  first  experiment  and  the  accuracy 
was  evaluated  by  measuring  a  radial  profile  of  flux  and  esti¬ 
mating  the  flowrate  after  integration  and  comparing  it  to  the 
true  flow-rate. 


3.1  PDA  Setup 

As  the  maximum  diameter  of  the  spray  particle  was 
known  that  250  pm  from  the  previous  work,  the  probe  diam 
eter  was  set  at  250  pm:  the  condition  was  to  yield  trajectoiy 
ambiguity  and  slit  effect.  The  size  of  the  slit  was  set  at  400  pm 
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Fig.  8:  Size  of  the  effective  measuring  area  with 
different  optical  conditions. 


Nomalized  diameter  dp  /  dp^^^^ 
Fig.  9:  Size  of  the  effective  measuring  area  with 
different  dynamic  range  /  trigger  level  of  the 
signal  processor,  in  comparison  with  equation  10. 


in  the  probe  volume,  which  was  larger  than  the  maximum  par¬ 
ticle  size.  The  rest  of  the  optical  parameters  are  presented  in 
Table  1(b).  Please  note  that  validation  PAR  was  set  at  90%  in 
all  the  experiments,  in  order  to  quantify  correct  size  of  the  ef¬ 
fective  measuring  area. 

In  order  to  calculate  size  and  velocity,  an  FFT  based 
signal  processor  [Kobashi  et  al.,  1992;  Higuchi  et  al.,  1994] 
was  employed,  as  shown  in  Figure  10.  Doppler  signals  were 
transferred  into  a  2M  byte  transient  recorder  to  retain  the  time- 
series  data.  Bsmd-pass  filters  were  not  used  to  avoid  the  influ¬ 
ence  of  poor  signal  visibility,  because  the  visibility  can  often 
be  smaller  than  unity  in  the  real  measurement.  The  FFT  spec¬ 
trum  estimation  was  performed  by  a  Digital  Signal  Processor 
(Motorola  56001),  selecting  the  centre  of  the  burst  signal,  in 
which  the  SNR  is  high  {centre -search  function  [Higuchi  et  al., 
1994]). 
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Fig.  10  Block  diagram  of  the  PDA  system  and  the 
signal  processor. 

3.2  Optimisation  of  the  Trigger  Level 

For  mass  flux/fraction  measurements  of  droplets  with 
a  broad  size  distribution,  e.g.  spray  droplets,  the  variation  of 
scattered  light  intensity  becomes  considerably  wide.  Qiu  et  al. 
[1992]  and  Higuchi  et  al.  [1994]  have  come  to  the  same  con¬ 
clusion  that  employing  amplitude  trigger  and  centre-detection 
function  was  appropriate  for  the  A/D  converter  based  proces¬ 
sors  since  they  maximise  the  SNR,  and  SNR  can  be  improved 
by  8  dB  compared  to  that  without  the  function  [Higuchi  et  al., 
1994].  In  the  method,  the  trigger  level  was  set  as  low  as  pos¬ 
sible  to  obtain  low  amplitude  signals  from  small  particles. 

Even  with  the  function,  however,  many  signals  are 
missed  due  to  the  poor  SNR  of  very  low  amplitude  signals  of 
which  the  maximum  signal  amplitude  is  comparable  to  fixed 
trigger  level.  Such  signals  are  mainly  caused  by  two  unwanted 
conditions:  one  is  from  small  particles  and  the  other  is  large 
particles  passing  through  the  edge  of  the  measuring  volume. 
Because  of  the  Gaussian  intensity  profile  of  the  measuring 
volume,  the  probability  of  signals  with  low  amplitude  from 
large  particles  is  relatively  high  and  these  missed  particles 
yield  large  underestimation  of  mass  flux.  Furthermore,  at  the 
extreme  condition  of  fixing  the  trigger  level  such  that  it  ap¬ 
proaches  0  volts,  erroneous  measurements  occur  due  to  the 
small  number  of  fringes  in  the  signal. 

In  order  to  overcome  the  problems  described  above, 
some  sets  of  flux  measurements  were  performed  with  hollow- 
cone  spray  (Delavan  type  B,  USA)  to  optimise  the  trigger  level 
in  signal  processing  diagnostics.  Flow  direction  was  normal 
to  the  interference  fringes,  and  measurements  were  limited  in 
a  circular  cross-section  of  the  spray  cone  at  30  mm  below  the 
nozzle  exit.  Atomising  pressure  was  set  at  0.7  MPa,  which 
provided  a  particle  size  range  from  10  to  120  pm  and  a  68.7pm 
Sauter  mean  diameter  over  the  circular  cross-section.  The 
stored  signals  were  processed  with  various  trigger  levels  and 
the  resultant  mass  flow  rates  were  compared  with  the  true  val¬ 
ues;  the  true  mass  flow  rate  obtained  by  mass  of  water  sup¬ 
plied  to  the  nozzle  was  0.32  mg/s.  Measured  flow  rate  was 
calculated  by  integrating  the  local  mass  fluxes  measured  over 
the  cross-sectional  circular  plane.  The  mean  volimie  fraction 
in  the  measured  region  was  estimated  at  1.8  x  10^%. 

The  area-averaged  mass  flux  downstream  of  the  spray 
cone  is  presented  with  open  circles  in  Figure  11.  Validation 
rate  is  also  shown  with  blocked  circles.  The  results  are  calcu¬ 
lated  from  a  series  of  stored  data  for  all  conditions.  A  local 


mass  flux  was  obtained  from  Eq.  (13).  Trigger  level  was 
changed  from  0.6%  to  25%  which  corresponds  to  the  ampli¬ 
tude  resolutions  from  7  bit  down  to  3bit.  Figure  1 1  shows  that 
by  varying  the  trigger  level,  the  accuracy  changes  by  up  to 
81.3%.  Since  the  normalised  mass  flux  and  validation  rate 
coincided  with  trigger  levels  below  15%  and  the  trigger  level 
was  too  high  to  be  affected  by  TA,  the  bias  error  was  likely  to 
be  caused  by  multiple  scattering  and  interruption  of  the  optical 
path  between  the  measuring  volume  and  the  receiving  unit,  by 
droplets.  The  error  was  relatively  large  when  the  trigger  level 
was  set  below  7%,  and  this  is  due  to  poor  SNR.  In  addition, 
this  graph  can  justify  the  compensation  procedure  by  valida¬ 
tion  rate  to  estimate  true  flux 

Figure  12  shows  the  inferred  size  distribution.  In¬ 
creasing  the  trigger  level,  validation  rate  was  improved  (see 
Fig.  12)  due  to  the  reduction  of  the  effective  measuring  area 
and  high  SNR;  however,  at  the  same  time,  small  particles  were 
missed  as  shown  in  Figure  12.  Since  the  small  particles  are  not 
dominant  in  flux  measurement,  there  is  an  optimum  trigger 
level  within  the  variation.  In  the  present  test,  it  is  obvious  that 
the  best  conditions  was  the  6.4  %  trigger  level  which  provided 
the  maximum  mass  flux  in  Figure  11;  thus,  with  the  aid  of 
appropriate  trigger  level,  the  bias  errors  of  the  flux  measure¬ 
ment  due  to  the  limitation  of  the  performance  of  the  processor 
can  be  minimised.  The  optimum  trigger  level  might  change 
under  different  conditions,  however,  it  should  be  around  6.4% 
for  any  bit  resolution  of  the  A/D  converter  when  the  spray  has 
the  typical  size  distribution. 

3.3  Experimental  Result  of  Mass  Flux  Measurement  in 
Highly  Dense  Spray 

Finally,  mass  flux  measurements  of  a  dense  spray  with 
wide  size  distribution,  which  could  represent  difficult  mea¬ 
surement  conditions  for  PDA,  were  performed.  The  geometri¬ 
cal  arrangement  of  nozzle  was  identical  to  the  previous  experi¬ 
ment,  however,  the  nozzle  (IKEUCHI,  Japan,  atomising  pres- 
swe  was  set  at  0.25MPa)  provided  droplet  sizes  with  wider 
distribution,  from  20  pm  to  250  pm,  and  Sauter  mean  diameter 
over  the  circular  cross-section  of  110.6  pm;  with  such  a  wide 
size  distribution,  large  particles  surely  yield  TA  with  the 
present  optical  set-up.  Furthermore,  the  flow  rate  of  the  spray 
was  about  80  times  that  of  the  former  nozzle,  25.87  mg/s. 
Measurements  were  performed  in  four  cross-sections  of  the 
spray  cone  at  20,  30, 40  and  60mm  below  the  nozzle  exit.  For 
this  flow  condition,  the  appropriate  trigger  level  was  6.4  %,  as 
suggested  in  the  previous  experiment  and,  the  measurement 
points  were  on  radial  direction  in  each  circular  plane.  In  addi¬ 
tion,  SNR  validation  [Kobashi  et  al.,  1990]  was  introduced 
and  the  threshold  value  was  set  at  -5  dB. 

Figure  13  shows  the  total  mass  flow  rate  in  each  cross- 
sectional  plane.  For  such  a  highly  dense  flow  condition  with 
the  effects  of  TA  and  SE,  the  accuracy  of  the  averaged  mass 
flowrate  measurement  was  about  72%  at  x=60  mm  plane  in 
which  volume  fraction  was  0.6  x  10"^%.  The  worst  result  was 
56.5%  at  the  plane  20  mm  with  estimated  average  volume 
fraction  of  2.4  x  10''^%.  Most  rejected  signals  were  due  to 
SNR,  rather  than  phase  ratio,  and  the  measured  mass  flowrate 
remained  constant  downstream  of  40  mm  with  almost  the 
SMe  accuracy  as  the  dilute  spray;  these  facts  suggest  that  the 
bias  error  was  due  to  the  higher  particle  concentration  rather 
than  the  TA  and  SE.  As  a  consequence,  the  approximated 
equation  of  effective  measurement  area  and  the  trigger  level 
optimisation  successfully  improved  the  accuracy  of  flux  mea¬ 
surement.  The  error  was  reduced  by  about  15%  compared 
with  our  previous  work. 
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Fig  1 1  Mass  flowrate  (open  circle)  and  validation 
rate  (blocked)  averaged  over  the  cross  section  of 
the  hollow-cone  spray;  the  true  value  was 
determined  by  water  mass  added  to  the  nozzle. 
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Fig.  12  Particle  size  distribution  with  various 
trigger  level,  relative  to  the  maximum  available 
signal  amplitude. 

4  Conclusion 


An  accurate  technique  to  infer  mass  flux  of  droplets  by 
a  standard  PDA  with  A/D  converter  based  signal  processor  has 
been  reported.  In  order  to  obtain  the  effective  measuring  area 
size,  an  approximate  equation  yielded  by  the  geometrical  ap¬ 
proximation  method  was  introduced  and  was  found  to  be  ap¬ 
propriate.  The  signal  processing  was  improved  by  optimising 
the  trigger  level,  which  increased  the  data  rate  of  the  measure¬ 
ment. 


The  flux  measurement  of  a  dilute  spray  confirmed  the 
effect  of  trigger  level  optimisation.  The  optimised  trigger 
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Fig.  13  Total  mass  flowrate  of  dense  spray. 


level  was  used  for  the  measurement  of  dense  spray  and  higher 
accuracy  than  the  previous  measurement. 

As  a  consequence,  the  results  can  be  summarised  as 
follows: 

(1)  The  results  of  scattered  light  intensity  calculation  by  the 
geometrical  optics  suggested  the  phase  validation  scheme  is 
effective  to  remove  erroneous  measurements  caused  by  the 
‘trajectory  ambiguity’,  if  the  validation  tolerance  (PAR)  is  set 
above  90%. 

(2)  The  ‘slit  effect’  can  be  negligible  if  the  phase  validation  is 
introduced,  although  the  location  of  the  effective  measuring 
volume  is  shifted  towards  transmitting  unit  refereed  to  the  area 
defined  by  the  slit.  The  combined  effect  caused  by  the  trajec¬ 
tory  ambiguity  and  the  slit  effect  was  also  negligible  except 
when  the  particle  size  is  comparable  to  the  measuring  volume. 

(3)  The  size  of  the  effective  measuring  area  can  be  determined 
as  a  function  of  the  probe  diameter,  the  size  of  slit,  particle 
diameter  and  the  amplitude  resolution  of  the  signal  processor. 
The  approximate  equation  (Eq.lO)  was  evaluated  by  the  dilute 
spray  measurements  and  was  confirmed  that  the  estimation 
error  is  20%  at  maximum  with  a  trigger  level  of  6.4%. 

(4)  In  order  to  maximise  the  validation  rate  and  to  infer  correct 
mass  flux,  the  trigger  level  should  be  optimised.  The  level 
suggested  by  the  present  setup  was  6.4%  which  is  likely  to  be 
same  for  any  A/D  converter  based  signal  processors. 

(5)  By  the  reliable  determination  of  the  effective  measuring 
area  size  and  the  optimised  trigger  level,  particles  with  low 
SNR  were  effectively  removed.  The  improvement  resulted  in 
decreasing  the  measurement  error  and  provided  56%  of  the 
true  mass  flux  at  the  worst  condition,  which  is  15%  better  than 
our  previous  work,  with  a  dense  spray  with  a  volume  fraction 
of  2.4x10'^%. 
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ABSTRACT 

Measurement  uncertainties  of  phase  Doppler  technique  in 
application  for  practical  combusting  spray  was  investigated. 
There  are  many  error  sources  reported  as  Gaussian  beam  ef¬ 
fect,  trajectory  effect  and  slit  effect  and  so  on.  But  in  com¬ 
bustion  further  measurement  uncertainty  maybe  yielded  such 
as  slit  location  shift  effect,  optical  measurement  volume  size 
choice  and  flame  front  pressure  effect.  In  this  study,  three 
factors  have  been  examined. 

It  is  found  that  the  slit  location  shift  effect  can  hardly  be 
avoided  in  combustion  and  numerous  error  may  be  caused. 
The  control  volume  size  should  be  determined  in  consider¬ 
ation  of  velocity  gradient  in  shear  flow  region.  The  flame 
front  will  change  the  optical  path  like  slit  location  shift  so  as 
to  have  measurement  error  in  the  small  diameter  droplet. 

1.  INTRODUCTION 

Over  the  past  decade,  phase  Doppler  measurement  tech¬ 
niques  (PDA  /  PDPA)  have  been  developed  and  employed 
for  practical  spray  studies  and  researches  [Bachalo,  (1980); 
Bauckhage,  (1985);  McDonell,  (1986);  Durst,  (1988); 
Edwards,  (1990);  Taylor,  (1993)  and  so  on].  Numerous  re¬ 
searches  have  been  carried  out  using  this  phase  Doppler  tech¬ 
nique  in  order  to  provide  sophisticated  data  as  each  droplet 
velocity  and  diameter  without  disturbing  the  flow.  Cur¬ 
rently,  many  researches  have  been  carried  out  by  focusing  on 
the  next  generation,  that  is,  not  just  measurements  of  velocity 
and  diameter  but  dso  investigations  of  droplet  dynamics, 
drag  coefficients,  turbulence  interaction,  agglomeration, 
evaporation,  group  combustion,  mass  flux  in  practical  com¬ 
busting  spray  systems,  and  so  on. 

The  error  estimation  [Grehan,  (1991);  Sanker,  (1992); 
Xu,  (1994);  Aizu,  (1993)],  affecting  factor  analysis  [Bachalo, 
(1994)]  and  measurement  uncertainties  of  this  technique 
have  teen  highly  required  to  be  quantified  both  ill  experi¬ 
ment  and  theoretical  analysis.  But  these  convention^  re¬ 
searches  have  been  carried  out  mainly  in  a  steady  state  and 
very  simple  experiment.  The  affecting  factors  of  consider¬ 
ation  are  Gaussian  beam  effect  [Grehan,  (1991);  Sanker, 
(1992)],  scattering  light  analysis  to  reduce  noisy  phase  infor¬ 
mation,  refraction  /  reflection  analysis,  planer  optical  align¬ 
ment  analysis  [Tropea,  (1995);  Sanker,  (7995)],  Rainbow  ef¬ 
fect  [Sanker,  (1994)],  trajectory  effect  [Scott,  (1994); 
Sanker,  (1995)],  slit  effect  [Tropea,  (1994)],  optimization  of 
optical  system  [Ikeda,  (1990)],  set-up  of  processor,  data 
number  and  data  rate,  liquid  refractive  index  variation 
[Brenn,  (1994);  Naqwi,  (1991)],  and  so  on. 

In  application  of  this  phase  Doppler  measurement  system 
for  practical  combusting  spray,  additional  uncertainty 
sources  are  raised  up,  which  should  be  taken  into  account  in  a 
dynamics  state. 

The  purpose  of  this  study  is  to  investigate  these  additional 


factors  in  dynamic  state  such  as  slit  location  effect,  measure¬ 
ment  volume  size  effect  and  flame-front  induced  data  bias 
[Ancimer,  (1994)].  Three  kinds  of  experiment  were  curried 
out  using  two  sets  of  PDA.  A  practical  oil  bunier  was  used  in 
the  measurement  under  non-combusting  condition. 

2.  SOURCES  OF  MEASUREMENT  UNCERTAINTY 

Besides  of  the  conventional  measurement  uncertainty 
sources,  there  are  mainly  seven  sources  of  measurement  un¬ 
certainty  in  application  of  PDA  systems  for  practical  com¬ 
busting  spray  measurements  as  illustrated  in  Fig.  1. 

The  first  one  is  a  phase  shift  wave  front  distortion  at  a 
flame  front  at  the  receiving  optics  due  to  refractive  index 
changing.  This  error  was  examined  in  LDV  [Ancimer, 
(1994)]  well,  but  the  distortion  effect  has  not  been  investi¬ 
gated. 

The  second  one  is  the  slit  location  shift  effect  which  is 
related  to  the  first  one.  If  there  is  a  flame  front  and  the  re¬ 
fractive  index  changes,  the  optical  path  of  receiving  optics 
will  shift.  At  the  result,  the  slit  location  will  shift.  This  slit 
location  is  normally  adjusted  empirically  by  manual  at  the 
center  of  the  measurement  volume.  If  this  slit  is  not  locating 
at  the  center,  the  measured  data  will  be  dramatically  influ¬ 
enced  and  affected  by  Gaussian  beam  effect.  This  will  be  a 
big  problem  in  obtaining  mass  flux.  Furthermore,  the  slit 
aperture  was  defined  as  lOOpm  in  an  atmospheric  pressure 
condition  and  room  temperature.  If  the  flame  front  is  curved 
or  not  smooth  such  as  distributed  reaction  zone  [Kuo, 
(1986 )],  the  slit  width  will  differ  from  the  defined  one.  This 
cause  slit  location  shift  and  very  much  influence  in  calculat¬ 
ing  volume  flux. 

The  third  one  is  the  measurement  error  associated  with  the 
liquid  refractive  index  changing  due  to  temperature  chang¬ 
ing.  In  combusting  spray  measurement,  the  refractive  index 
of  the  fuel  was  changing  due  to  combustion  so  that  the  as¬ 
sumption  of  PDA  measurement,  that  is,  the  refractive  index 
is  constant  will  fail.  Otherwise,  the  PDA  can  not  measure 
the  droplet  diameter  just  from  phase  information  without  re¬ 
fractive  index  information.  Because  it  is  obvious  that  the 
refractive  index  of  fuel  changes  with  the  temperature  in  com¬ 
busting  spray.  The  refractive  index  measurements  were  ex¬ 
amined  in  order  to  show  these  effects  but  not  so  well  quanti¬ 
fied  [Brenn,  (1994);  Naqwi,  (1991)].  Then,  we  have  to  use 
the  refractive  index  data  of  the  fuel  at  standard  condition. 
The  temperature  in  combusting  spray  flame,  the  local  tem¬ 
perature  is  not  constant  because  the  droplets  travel,  evapo¬ 
rate,  and  gasified  flow  travels,  and  high  temperamre  gas  flow 
are  existing.  The  temperature  is  also  varying.  Even  we  can 
make  measurement  of  the  refractive  index  of  the  fuel,  the 
temporal  resolution  should  be  very  high  which  can  be  hardly 
achieved.  This  means  that  there  are  some  uncertainties  in 
diameter  measurement,  which  can  not  be  avoided. 
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Fig.  1  Measurement  uncertainty  sources. 


The  fourth  one  is  the  refractive  index  changing  around  the 
droplet.  The  gasificated  fuel  forms  a  cloud  in  which  the  re¬ 
fractive  index  of  this  cloud  also  very.  Theoretical  evaluation 
of  this  effect  will  be  discussed  later  paper. 

The  fifth  one  is  the  rapid  droplet  diameter  changing  like 
small  droplet  evaporation.  The  PDA  measures  the  phase 
when  the  droplet  travels  through  5-8  fringes,  so  that  the  mea¬ 
surement  caimot  be  performed  if  the  droplet  diameter  chang¬ 
ing  time  is  faster  than  that  measurement  time,  and  this  fact 
will  cause  error. 

The  sixth  one  is  the  measurement  volume  location  shift 
effect,  which  is  the  same  as  the  second  one.  The  measure¬ 
ment  volume  will  be  formed  at  a  different  location  due  to  the 
refractive  index  changing  at  the  flame  front  and  in  the 
gasificated  fuel  cloud. 

The  seventh  one  is  the  measurement  size  effect.  It  is  de¬ 
sirable  to  have  long  focal  length  both  in  transmitting  and  re¬ 
ceiving  optics  for  combusting  spray  measurements  to  pre¬ 
vent  from  fuel  oil  adhesion,  soot  and  heat  radiation.  The 
long  focal  length  makes  larger  measurement  volume  in 
which  the  fringe  spacing  is  enlarged  and  the  light  intensity 
decreases  (low  SNR).  The  fringe  spacing  should  be  opti¬ 
mized  in  consideration  of  measurable  ranges  of  velocity  and 
diameter.  The  large  measurement  volume  has  to  average  the 
velocity  and  diameter  within  the  large  measurement  volume, 
so  that  the  characteristics  of  the  large  velocity  gradient  flow 
or  strong  shear  flow  region  cannot  be  demonstrated  well. 
This  effect  is  an  essential  for  LDV  and  PDA.  If  the  measure¬ 
ment  volume  is  too  much  small,  which  causes  small  fringe 
spacing  and  large  fringe  number.  In  PDA,  the  measurable 
diameter  range  is  determined  by  these  value,  so  that  the  opti¬ 
mization  of  the  optics  to  the  flow  should  be  done  before  mea¬ 
suring  the  final  data.  The  evaluation  of  the  system  is  very 
important  factor,  but  we  have  to  say  that  this  has  been  per¬ 
formed  by  experimentally  and  empirically. 

These  seven  uncertainty  sources  can  be  classified  into 
four  groups  in  this  story;  flame-front  effect(l),  slit  location 
shift  effect  (2,6,7),  measurement  volume  size  effects  (5,7) 
and  refractive  index  changing  effect  (2,4).  In  this  study,  these 
three  measurement  uncertainty  sources  will  be  investigated, 
that  is,  slit  location  shift,  measurement  volume  size  and 
flame  front  presence. 


3.  EXPERIMENTAL  APPARATUS 

A  gun-type  oil  burner  was  used  in  this  experiment  as 
shown  Fig.  2  as  well  as  the  flame  picture  [Ikeda,  (1995); 
Kawahara,  (1996)].  This  oil  burner  is  for  0.1  MW  class 
boiler  and  furnace.  An  A-type  fuel  oil  was  pressurized  at 
0.7MPa  and  atomized  by  the  hollow-cone  nozzle  ( Danfos  : 
H  type)  of  60  de^ee.  The  fuel  rate  used  is  9.45  X 10"^  m%. 
The  PDA  setup  is  illustrated  in  Fig.  3.  As  signal  processor, 
Dantec  processor  was  used. 

4.  RESULTS 

4.1  Slit  Location  Shift  Effect 

As  explained  in  above  section,  the  slit  location  shift  will 
be  happened  due  to  flame  front  effects  both  on  the  transmit¬ 
ting  and  receiving  optical  paths.  But  we  have  to  pay  more 
attention  to  the  measurement  set-up  at  the  initial  stage.  The 
slit  location  is  normally  adjusted  by  same  one,  which  is  em¬ 
pirical  based  one. 

In  order  to  examine  the  slit  location  shift  effect,  two  mea¬ 
surement  points  were  chosen.  One  (point  A)  is  the  dense 
spray  region  of  large  velocity  gradient,  the  other  (point  B)  is 
on  the  center  axis  of  high  data  rate  region  as  shown  in  Fig.  4 
[Kawahara,  (1995)].  Two  dimensional  velocities  and  the 
droplet  diameter  were  measured.  The  sample  number  was 
10,000.  The  size-classified  [Edwards,  (1990);  Presser, 
(1995);  Seay,  (1995);  Ikeda,  (1996)]  droplet  velocity  vectors 
are  shown  as  well  as  slip  velocity  and  fluctuation  intensity. 
At  point  A,  this  point  locates  at  the  tail  of  recirculating  flow 
region.  This  figure  shows  that  the  small  droplet  can  follow 
to  the  reversing  flow,  so  that  the  small  droplet  velocity  was 
negative,  while  the  large  droplet  penetrated  into  this  recircu¬ 
lating  flow  region  in  which  the  larger  droplet  velocity  was 
positive.  The  slip  velocity  vectors  show  the  large  shear 
stress  region  and  their  magnimde.  The  detailed  flow  charac¬ 
teristics  were  explained  in  the  previous  paper  [Kawahara, 
(1995)]. 

Five  slit  locations  were  examined  in  the  optical  setup  by 
manually.  The  measurement  volume  size  was  0.19  X  4.09 
mm  and  the  slit  width  was  about  100  pm.  As  shown  in  Fig. 
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Fig.  2  Burner  and  flame  photograph. 
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Fig.  3  Experimental  apparatus. 
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Fig.  4  Measurement  points. 
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5,  five  sliced  slit  volumes  are  not  the  same,  and  the  light  in¬ 
tensity  differences  should  be  taken  into  account. 

Figure  6  shows  the  raw  data  at  two  slit  locations,  #3(cen- 
ter)  and  #5(side  end).  As  seen  clearly,  there  are  many  dis¬ 
crepancies.  For  evaluating  these  data,  the  measured  axial 
and  radial  mean  velocities  (U  and  V),  and  Sauter  and  Volume 
mean  diameters  (Dj^)  are  shown  in  Fig.  7.  The  ratio  of  veloc¬ 
ity  and  diameter  were  defined  the  ratio  to  that  at  the  slit  #3. 
The  ratio  0.25  means  that  the  velocity  (diameter)  is  25% 
larger  than  that  measured  at  slit  #3. 

The  point  A  is  the  recirculation  flow  tail.  As  shown  in 
Fig.  6,  these  two  measured  data  are  not  the  same.  The  nega¬ 
tive  velocity  was  measured  at  slit  #5  and  the  axial  velocity 
profile  was  almost  flat,  while  there  was  no  negative  velocity 
at  slit  #3  and  the  maximum  velocity  peak  was  about  4  m/s. 
Even  in  the  diameter,  the  slit  #5  could  not  measure  the  drop¬ 
let  less  than  50  pm.  But  the  slit  #3  data  is  almost  under 
50pm.  These  two  diameter  is  extremely  different  from  each 
other.  This  point  A  is  the  strong  shear  flow  region  so  that  the 
difference  of  the  slit  location  shows  entirely  different  mea¬ 
surement  point  of  different  physics.  The  velocity  different  at 
these  two  location  was  over  30%. 

The  point  B  is  on  the  center  axis.  The  fuel  was  atomized 
at  the  hollow-cone  angle  of  60  degree  so  that  there  was  re¬ 
sidual  and  reversed  droplet  on  the  center  axis.  This  point  is 
less  shear  than  point  A.  In  the  axial  velocity  distribution,  the 
peak  velocities  are  not  so  much  different  each  other.  But  the 
diameter  distribution  are  totally  different. 

In  order  to  understand  the  difference  and  the  error  of  the 
slit  location  in  detail.  Fig.  7  was  used.  In  Fig.  7  at  point  A, 
the  axial  velocity  at  slit  #2  to  #4  are  not  so  much  different. 
The  velocity  ratio  is  under  10%.  But  the  data  at  slit  #1  and 
#5  are  very  much  different,  the  velocity  at  slit  #5  is  70% 
higher  than  that  at  slit  #3  (center).  At  point  B,  the  axial  ve¬ 
locity  at  different  locations  are  gradually  increasing,  but  the 
discrepancies  are  less  than  20%.  The  radial  velocity  was 
almost  0.3  m/s  but  the  radial  velocity  changes  are  very  large 
as  shown  in  this  figure. 

For  SMD  at  point  A,  the  slit  #3  shows  60  pm.  The  range 
of  the  measured  diameter  was  almost  30  pm,  which  was 
about  30  %.  At  point  B,  the  diameter  ratio  at  different  loca¬ 
tion  was  over  100%. 

Here,  we  have  to  determine  whether  the  measurement  re¬ 
sults  were  right  or  wrong.  Those  results  are  derived  from  the 
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Fig.  5  Slit  location. 
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Fig.  6  Raw  data  at  different  slit  location. 
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Fig.  7  Comparison  of  measured  data  coaxial  mean 
velocity  (U),  radial  mean  velocity  (V) 
and  Sauter  mean  diameter  D32. 
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Fig.  8  Comparison  of  accepted  rate  and  data  rate. 
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Fig.  9  Size-classified  droplet  distributions 
at  points  A  and  B. 
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system  set-up  or  from  the  physical  issue.  Then,  these  mea¬ 
surement  status  were  evaluated  with  data  rate,  spherical  rate 
and  accepted  rate  as  shown  in  Fig.  8  in  order  to  find  the  opti¬ 
mal  slit  location. 

Both  in  these  points,  the  measurement  at  slit  location  #3 
should  be  the  best,  which  can  be  demonstrated  in  these  three 
factors.  At  the  side  end  of  the  measurement  volume,  #1  and 
#5,  the  accepted  rate  are  lower  both  in  two  points,  although 
the  high  spherical  rate  measured  was  over  98%.  It  is  very 
difficult  to  say  that  the  measured  results  at  #1,  2  and  3  are 
right  or  wrong.  Finally  we  have  to  say  that  the  discrepancies 
in  velocity  and  diameter  at  central  three  slit  location  do  not 
derive  from  the  measurement  error,  the  measured  results  are 
accurate  and  appropriate  in  terms  of  measurement  technique 
and  system  set-up.  It  should  be  emphasized  the  measure¬ 
ment  uncertainty  called  "slit  location  shift  effect". 

When  the  measurement  is  carried  out  in  a  combusting 
spray,  there  is  a  flame  fronts.  The  refractive  indices  at  the 
flame  fronts  will  cause  the  measurement  volume  location 
shift  both  on  transmitting  and  receiving  optical  paths,  which 
will  cause  this  effect.  Then  the  practical  measurement  re¬ 
sults  should  be  evaluated  in  this  factor  effected  and  show  the 
uncertainty  in  quantitative  value. 

For  further  examination  of  the  measured  results,  the  PDF 
of  size-classified  droplet  sample  number  and  those  velocitip 
are  shown  in  Fig.  9.  It  is  found  that  this  slit  location  shift 
effect  can  be  seen  in  the  larger  droplet  diameter.  The  axial 
velocities  of  small  droplet  have  less  difference  than  those  of 
the  larger  droplet.  The  PDFs  of  droplet  number  show  the 
same  effect. 

The  one  of  the  big  advantage  of  the  PDA  technique  is  to 
be  able  to  estimate  a  mass  flux.  The  mass  flux  measurement 
errors  have  been  evaluated  in  many  researches  [Edwards, 
(1990);  Sanker,  (1995);  Bachalo,  (1994)],  but  those  are  car¬ 
rying  out  in  the  steady  state.  It  should  be  noticed  that  the 
measurement  of  mass  flux  contains  of  large  uncertainty  due 
to  the  slit  location  effect  in  combusting  spray. 

As  shown  in  Fig.  10,  the  mass  flux  at  slit  #5  is  almost 
three  times  higher  than  that  at  slit  #3  at  point  A.  By  taking 
that  the  large  velocity  gradient  exists  and  droplet  movements 
of  large  and  smil  are  different  from  each  other  into  account, 
it  is  easy  to  assume  that  there  is  some  uncertainties.  But  the 
value  of  three  times  higher  is  out  of  question.  We  have  to 
take  care  of  the  initial  optical  set-up  and  uncertainty  due  to 
Gaussian  effect  [Grehan,  (1991);  Sanker,  (1992)]  and  slit  ef¬ 
fect  [Tropea,  (1995);  Sanker,  (1995)],  however  the  measured 
data  might  contain  these  error.  There  are  many  reports  to 
obtain  mass  or  volume  flux  by  the  phase  Doppler  technique. 
The  key  point  is  the  slit  aperture  and  its  size.  In  combustion, 
the  error  due  to  slit  location  shift  may  be  not  such  large.  But 
it  is  highly  required  to  consider  the  uncertainty  and  error  in 
the  measurements.  The  evaluation  of  the  data  as  well  as  the 
system  set-up  is  the  only  way  to  the  eliminate  these  uncer¬ 
tainties. 

4.2  Measurement  Volume  Size 
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Fig.  10  Mass  flux. 


For  practical  combusting  spray  measurements,  it  is  desir¬ 
able  to  have  long  focal  length  both  in  transmitting  and  receiv¬ 
ing  optics  to  prevent  from  oil  adhesion,  soot  and  heat  radia¬ 
tion.  But  the  long  focal  length  causes  the  larger  measure¬ 
ment  volume  which  will  have  weak  light  intensity  (low  SNR) 
and  volume  averaging  effect  at  a  large  velocity  gradient  re¬ 
gion  and  large  droplet  diameter  distribution  region.  In  order 
to  prevent  from  this  volume  averaging  effect  and  above- 
mentioned  slit  location  effect,  a  small  measurement  volume 
is  the  one  of  the  best  solution.  This  is  the  trade-off  relation. 
The  smaller  the  measurement  volume  becomes,  the  higher 
the  measurement  accuracy  becomes  and  the  smaller  the  un¬ 
certainty  becomes.  But  the  measurable  range  of  velocity  and 
diameter  decreases.  An  optimization  of  this  effect  is  the 
quite  important  task  for  researcher  before  choosing  the  sys- 
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Fig.  1 1  Measurement  under  size  effect. 


tern  set-up  specification. 

In  this  study,  two  measurement  volumes  were  formed  at 
the  same  location  and  overlapping  each  other  and  the  mea¬ 
surements  were  carried  out  to  show  this  measurement  vol¬ 
ume  size  effect  as  shown  in  Fig.  1 1 .  The  larger  measurement 
volume  was  0.37X  10.3  mm  and  the  smaller  was  0.19X4.09 
mm.  The  measurement  set-up  was  the  same  as  the  above- 
mentioned.  Five  measurement  points  were  examined  to 
show  this  effect  at  different  conditions.  One  is  on  the  axis 
#0,  the  others  are  four  points  in  radius  with  20  mm  around  the 
axis.  The  spray  is  a  hollow-cone  of  60  degree  but  an  abso¬ 
lute  axisymmetry  was  not  achieved  well.  Figure  1 2  shows  the 
comparisons  of  the  measured  data  of  axial  mean  velocity, 
and  D„  both  in  two  measurement  volume  sizes.  At  the  point 
#0,  which  is  on  the  axial  axis.  The  larger  measurement  vol¬ 
ume  results  indicate  the  lower  velocity  and  the  larger  diam¬ 
eter  than  those  in  the  small  measurement  volume.  This  dis¬ 
crepancies  came  from  the  volume  averaging  effect.  At  the 
four  radial  locations,  the  discrepancies  of  and  D  are  not 
so  large,  but  the  velocity  differences  are  not  negligible. 

Here,  as  evaluated  in  the  above-mentioned  as  slit  location 
shift  effect,  the  measurement  status  was  examined  by  data 
rate,  spherical  rate  and  accepted  rate  as  shown  in  Fig.  12.  At 
the  point  #0,  the  larger  measurement  volume  can  show  the 
high  data  rate  of  25  kHz  but  lower  accepted  rate  of  73%.  On 
the  contrary,  the  small  measurement  volume  cannot  provide 
such  high  data  rate  but  very  high  accepted  rate  of  97%.  The 
spherical  rate  for  both  measurement  volumes  is  over  99.7%. 
It  is  found  that  these  two  measurements  were  conducted  at 
high  level  status  having  less  eaor.  For  the  status  of  the  other 
four  points,  there  are  the  same  level  and  possible  to  identify 
that  the  measurement  was  very  accurate. 

The  influence  of  measurement  volume  size  on  the  droplet 
diameter  distribution  were  examined  as  shown  in  Fig.  13.  At 
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Fig.  12  Measurement  volume  size  effect 
and  measurement  status  evaluation. 


Fig.  13  Measurement  volume  size  effect 
on  size-classified  droplet. 
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Fig.  15  Flame  front  location  effect.  Fig.  16  Flame  front  location  effect. 


point  #0  on  the  axis,  the  small  measurement  volume  can  de¬ 
tect  large  sample  number  of  small  droplet  than  those  by  the 
larger  measurement  volume.  There  are  no  differences  for 
over  30  pm  droplet.  But  the  difference  of  PDF  of  10-30  pm 
droplet  is  very  remarkable.  At  the  radial  two  points  #1  and 
#2,  the  droplet  diameter  distributions  are  compared  with  each 
other.  These  two  data  show  almost  no  significant  difference. 
Then,  it  is  found  that  the  measurement  volume  size  effect  can 
be  caused  at  the  high  data  rate  measurement. 

43  Flame  Front  Presence  Effect 

At  the  flame  front,  the  wave  front  of  light  scattered  will 
have  some  distortion,  which  increases  noise  in  data  analysis. 
Furthermore,  the  presence  of  the  flame  front  causes  the  mea¬ 
surement  location  shift  and  slit  location  shift  as  illustrated  in 
Fig.  1. 

In  order  to  examine  the  effect  of  the  flame  presence  on 
the  receiving  optical  path  as  illustrated  in  Fig.  14,  two  receiv¬ 
ing  optics  were  implemented  having  the  same  reference 
angle  of  68  degree.  One  processor  was  used  as  a  master  unit. 
When  a  burst  signal  was  detected  by  the  master  processor, 
the  burst  detected  monitor  signal  was  used  as  a  external  trig¬ 
ger  for  the  slave  processor.  The  delay  time  of  the  start  tim¬ 
ing  of  these  two  units  is  less  than  several  nano  second.  Since 
two  receiving  optics  were  applied  for  one  measurement  vol¬ 
ume,  there  is  some  percentage  of  mis-matching  of  these  two 
receiving  points,  in  other  words,  the  slit  locations  of  these 
two  receiving  optics  should  be  coincided  each  other.  Fur¬ 
thermore,  even  for  the  coincided  slit  location,  the  measured 
values  from  these  two  processors  should  be  extracted  from 
the  same  droplet.  This  is  the  reason  why  the  external  trigger 
was  needed. 

The  measured  velocities  and  diameters  both  by  the  m^- 
ter  and  the  slave  were  shown  in  the  same  figure.  The  dis¬ 
crepancies  of  these  two  measured  data  were  2%  in  mean  ve¬ 
locity,  0%  in  Djg,  and  6%  in  D^j.  In  consideration  of  the  slit 
location  effect  and  its  uncertmnty  mentioned  in  the  above 
section,  this  master  /  slave  measurement  location  was  proven 
to  be  the  same,  and  these  processors  could  detect  the  signals 
from  the  almost  same  droplet  (^5%). 

Two  small  flames  (premixed  and  diffusion)  were  chosen 


to  examine  the  flame  front  presence  effect  on  the  measured 
results.  Figure  15  shows  the  effect.  In  the  figure,  "flame 
symbol  denotes  that  there  is  a  flame  on  the  optical  path  of  the 
slave  receiver,  "no  flame"  means  the  simultaneous  measure¬ 
ment  results  both  by  two  receivers  without  flame.  The  re¬ 
sults  indicate  that  the  smaller  droplet  detection  rate  are 
strongly  affected,  especially  when  the  flame  is  located  close 
to  the  receiving  optics.  This  result  can  be  understood  well  as 
follows;  if  the  flame  front  locates  close  to  the  receiving  op¬ 
tics,  the  optical  path  length  between  the  flame  front  and  the 
measurement  point  becomes  long  and  the  measurement  point 
shift  even  in  a  small  refractive  index  changing  at  the  flame 
front,  the  slit  location  shift  effect  can  be  found  easily. 

For  further  examination  of  this  flame  front  presence  ef¬ 
fect,  the  sample  number  distributions  of  the  size-classified 
droplet  for  different  flame  front  locations  on  the  receiving 
optical  path  were  compared  as  shown  in  Fig.  16.  It  is  found 
that  the  smaller  droplets  are  much  influenced  than  the  larger 
droplet. 

5.  CONCLUSIONS 

Measurement  uncertainties  of  phase  Doppler  technique 
were  investigated  in  three  experiments.  The  effects  of  slit 
location  shift,  measurement  volume  size,  and  the  flame  front 
presence  were  examined.  The  results  are  summarized  as  fol¬ 
lows; 

The  slit  location  shift  effect  causes  a  significant  measure¬ 
ment  uncertainty,  especially  in  high  data  rate.  The  optical 
alignment  of  the  slit  location  at  the  initial  stage  is  the  most 
important  factors,  and  this  slit  location  shift  effect  can  be 
improved  dramatically  using  two  PDA  receiving  optics.  The 
measurement  uncertainty  of  the  mass  flux  at  low  data  rate 
yields  large  value.  The  measurement  volume  size  effect  can 
be  seen  in  detection  rate  of  small  droplet  at  high  data  rate. 

The  flame  front  effect  can  be  seen  in  the  small  droplet. 
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ABSTRACT 

An  experimental  arrangement  for  combined  single-pulse 
Raman/LIF  measurements  of  temperature,  major  species  and 
NO  concentrations  was  used  to  investigate  turbulent  Nj/Hj/air 
jet  diffusion  flames.  Structural  information  about  the  reaction 
zone  and  the  fuel  jet  were  obtained  by  planar  laser-induced 
fluorescence  of  OH  and  (doped)  NO.  Some  fundamentals  of 
the  measuring  system  and  the  applied  laser  diagnostic 
techniques  are  described.  The  main  goal  of  this  paper  is  to 
demonstrate  how  these  measuring  techniques  can  be  used  to 
characterize  the  flames  and  to  identify  characteristic  effects, 
like  differential  diffusion,  the  correlations  between  concen¬ 
trations  and  temperature,  and  the  flame  structures  in  the  near 
field  of  the  jet.  The  transport  mechanism  of  NO  in  this  type 
of  jet  flames  is  discussed. 


1.  INTRODUCTION 

In  order  to  improve  the  understanding  of  turbulent 
combustion  processes  and  to  support  the  development  of 
theoretical  flame  models,  detailed  experimental  studies  on 
well-chosen  flames  and  combustors  are  of  essential  impor¬ 
tance.  Considering  the  complex  interactions  in  turbulent 
flames,  an  approach  focusing  on  the  investigation  of  simple 
turbulent  jet  flames  which  provide  a  well-defined  and  rather 
simple  flowfield  seems  to  be  suitable.  Among  the  main 
problems  that  have  to  be  treated  are  the  interactions  between 
the  turbulent  flow  and  chemical  reactions  in  general  and  the 
formation  of  NO„  in  particular.  For  the  study  of  these 
processes,  laser  based  measuring  techniques  have  proven  to 
be  superior  to  sampling  probes  because  they  work  non- 
intrusively,  yield  a  high  spatial  resolution,  and  can  be  applied 
with  single-pulse  resolution  for  instantaneous  measurements. 

In  "clean"  particle-free  flames,  spontaneous  pulsed 
Raman  scattering  allows  the  simultaneous  determination  of 
the  major  species  concentrations  and  the  temperature  and 
yields,  thus,  an  overall  characterization  of  the  chemical  state 
within  the  flame.  The  potential  of  this  technique  and  its  con¬ 
tribution  to  a  deeper  insight  in  turbulent  combustion  has  been 
demonstrated  in  a  number  of  investigations  on  turbulent  jet 


flames.  However,  for  the  detection  of  minor  species  concen¬ 
trations  as  flame  radicals  or  pollutants,  laser-induced  fluo¬ 
rescence  (LIF)  is  far  more  sensitive  and  useful.  The  main  dif¬ 
ficulty  in  applying  LIF  is  its  relatively  complicated  signal 
evaluation  in  order  to  get  absolute  concentrations,  because  the 
fluorescence  intensity  depends  on  the  relative  population  of 
the  ground  state  (usually  a  Boltzmann  distribution)  and  on 
collisional  energy  transfer  processes.  Thus,  the  quantitative 
data  evaluation  of  LIF  signals  requires,  in  general,  additional 
information  about  gas  composition  and  temperature  which 
can  be  obtained  (on  a  single-pulse  basis)  by  spontaneous 
Raman  scattering,  as  demonstrated  by  Barlow  et  al  (1990), 
Stamer  et  al  (1990),  Cheng  et  al  (1992),  and  Schefer  et  al 
(1990). 

The  main  topic  of  this  paper  are  simultaneous  Raman/- 
LIF  measurements  of  temperature,  major  species  and  NO 
concentrations  in  turbulent  Hj/air  jet  diffusion  flames.  The 
importance  of  NO  as  pollutant  is  well-known,  and  environ¬ 
mental  concerns  require  strategies  for  combustors  with  low 
NO„  emission.  In  this  context,  fundamental  investigations 
about  NO  formation  mechanisms  in  turbulent  flames  are  ne¬ 
cessary,  including  an  accurate  determination  of  NO  concen¬ 
trations.  Furthermore,  the  NO  concentration  is  a  critical 
parameter  for  the  verification  of  mathematical  flame  models, 
because  the  NO  formation  depends  strongly  on  temperature, 
radical  concentrations,  and  residence  time.  An  incorrect 
prediction  of  NO  concentrations  would  therefore  reveal 
shortcomings  of  the  applied  flame  model.  The  combined 
Raman/NO-LIF  technique  was  first  applied  by  Barlow  and 
Carter  (1994)  investigating  a  pure  H^/air  and  a  helium  diluted 
Hj/air  diffusion  flame.  In  the  studies  presented  here,  the 
\{-jw  flames  were  diluted  by  N^  in  order  to  reduce  heat  loss 
by  radiation,  because  this  effect  complicates  the  simulation  of 
flames  and  especially  of  the  NO  emission.  The  goal  of  our 
investigations  was  the  determination  of  accurate  data  sets 
from  precisely  defined  jet  flames  which  can  serve  as  a  test 
case  for  predictions  from  flame  simulations.  Currently, 
several  groups  of  flame  modelers  are  working  with  these  data 
sets  and  first  results  of  the  comparison  are  available,  e.g.  by 
Sanders  and  Gokalp  (1996).  In  addition  to  pointwise  single¬ 
pulse  Raman/LIF  measurements,  two-dimensional  LIF  images 
of  OH  and  doped  NO  (added  to  the  fuel)  were  recorded  in 


3.1.1 


order  to  investigate  the  structures  of  the  reaction  zone  and  the 
mixing  layer.  These  images  provide  helpful  information  for 
the  understanding  of  the  transport  processes  within  these 
flames. 

It  is  not  the  scope  of  this  paper  to  present  the  complete 
data  sets  of  the  investigated  flames.  Instead  it  is  intended  to 
demonstrate  how  the  applied  measuring  techniques  were  used 
to  characterize  the  flames  and  to  identify  characteristic  effects 
occuring  in  this  type  of  jet  flames,  especially  differential 
diffusion  and  the  influence  of  the  flame  structures  on  NO  and 
temperature  distributions.  More  detailed  information  about  the 
flames  can  be  found  in  the  paper  of  Meier  et  al  (1996a)  and 
readers  interested  in  the  complete  data  sets  may  get  them  on 
request. 


2.  EXPERIMENT  AND  DATA  EVALUATION 

The  main  components  of  the  experimental  setup, 
schematically  shown  in  Fig.l,  are  a  flashlamp-pumped  dye 
laser  for  the  Raman  excitation,  a  Nd:YAG-pumped  dye  laser 
for  NO  LIE,  a  spectrograph  for  separating  the  different 
Raman  signals,  photomultiplier  tubes  (PMTs),  electronic 
devices  for  signal  detection,  and  burners  for  calibration  and 
turbulent  flames. 

2.1  Burners 

Calibration  measurements  for  the  Raman  and  NO  LIE 
signals  were  performed  in  laminar  premixed  Hj/air  flames 
stabilized  on  a  flat  flame  burner  (McKenna  Products).  The 
characteristics  of  this  burner  have  been  thoroughly  studied  by 
CARS,  Rayleigh  scattering,  and  flame  calculations  resulting 
in  a  set  of  38  "standard  flames"  covering  a  range  of  tempera¬ 
tures  from  1230  to  2180  K  and  of  equivalence  ratios  from  0.3 
to  2.0.  A  further  extension  of  the  temperature  range  down  to 
about  700  K  was  achieved  by  using  a  stainless  steel  tube  as 
a  cooler  for  the  exhaust  gas.  The  operating  conditions  of  the 
burner,  as  well  as  the  temperatures  and  gas  compositions  of 


most  of  the  "standard  flames"  can  be  found  in  the  paper  of 
Prucker  et  al  (1994). 

The  burner  for  turbulent  jet  diffusion  flames  consisted 
of  a  35  cm  long  straight  stainless  steel  tube  (i.d.  8  mm)  with 
a  thinned  rim  at  the  exit.  The  tube  was  surrounded  by  a 
nozzle  (i.d.  140  mm)  supplying  co-flowing  dry  air  at  an  exit 
velocity  of  typically  0.3  m/s.  The  burner  could  be  translated 
in  radial  and  axial  directions  to  change  the  measuring 
location  within  the  flame.  The  fuel  and  air  flows  were 
controlled  by  calibrated  mass  flow  meters  (Brooks  Inc.).  An 
identical  burner  is  operated  at  the  Technische  Hochschule 
Darmstadt,  Fachgebiet  Energie-  und  Kraftwerkstechnik,  where 
Neuber  et  al  (1994)  and  Cheng  et  al  (1995)  have  performed 
LDA,  Raman,  and  CARS  measurements  on  similar  flames.  In 
cooperation  with  that  research  group  we  are  working  on  a 
library  of  complementary  data  sets  of  well-defined  turbulent 
diffusion  flames. 

2.2  The  Raman  System 

The  Raman  apparatus  and  the  calibration  and  data 
evaluation  procedure  for  the  Raman  signals  are  described  in 
detail  by  Meier  et  al  (1994  and  1996b)  and  only  basic 
information  will  be  given  here.  The  flashlamp-pumped  dye 
laser  (Candela,  LFDL-20)  was  operated  with  Coumarin  480 
at  a  wavelength  of  488  nm  and  a  repetition  rate  of  5  Hz.  Due 
to  the  relatively  long  pulse  duration  of  2-3  ps  a  quasi¬ 
intracavity  configuration  was  used,  i.e.  the  laser  beam  was 
reflected  back  into  the  dye  cell  after  passing  through  the 
flame,  yielding  effective  pulse  energies  of  up  to  4  J.  To 
decrease  the  focal  diameter  to  about  0.5  mm,  the  laser  beam 
was  expanded  by  a  telescope  (LI  and  L2)  to  80  mm.  The 
scattered  light  from  the  focal  region  was  collected  by  an 
achromatic  lens  (L4;  f=160  mm,  0=80  mm)  and  a  spherical 
mirror  (M2;  f=200  mm,  0=150  mm)  and  relayed  to  the 
entrance  slit  of  a  spectrograph  (Spex  1-802,  f=l  m,  f/8.4, 
dispersion  =0.5  nm/mm).  Corresponding  to  the  magnification 
of  the  signal  collection  optics  (approx.  3.2)  and  the  width  of 
the  entrance  slit  of  the  spectrograph  (1.8  mm)  the  observed 
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volume  had  a  length  of  0.56  mm,  which  determines,  together 
with  the  focus  diameter  (=0.5  mm),  the  spatial  resolution  of 
the  measurement.  The  dispersed  Raman  signals  of  O2,  N2, 
HjO,  and  H2  were  detected  by  photomultiplier  tubes  (Hama¬ 
matsu  R928  and  R3896),  passed  on  to  gated  integrators 
(Stanford  Research  Systems  SR250)  and  were  finally  stored 
and  processed  by  a  PC.  The  number  density  of  each  species 
was  derived  from  the  corresponding  signal  and  a  calibration 
factor,  which  was  determined  from  measurements  in  the 
"standard  flames".  The  temperature  was  calculated  from  the 
total  number  density  using  the  ideal  gas  law.  The  precision 
of  the  temperature  and  concentration  measurements,  i.e.  the 
shot-to-shot  reproducibility,  is  typically  2%  under  flame 
conditions,  the  absolute  accuracy  is  3-5%,  depending  on  the 
absolute  density. 

2.3  The  LIF  System 

The  LIF  system  and  the  data  evaluation  procedure  for 
absolute  NO  concentration  measurements  have  been  previo¬ 
usly  described  by  Meier  et  al  (1996a)  and,  therefore,  only  a 
condensed  description  will  be  presented  here.  NO  was  excited 
in  the  (0-0)  band  of  the  A^Z*-X^n  transition  at  226  nm, 
using  a  NdiYAG-pumped  dye  laser  operated  with  a  mixture 
of  DCM  and  Pyridine  1.  The  dye  laser  radiation  at  X=678 
nm  was  frequency  tripled  by  mixing  the  second  harmonic 
(X=339  nm)  with  the  fundamental  in  a  BBO  crystal  yielding 
about  0.5  mJ  at  226  nm  in  a  pulse  of  6  ns  duration  and  a 
spectral  width  of  0.7  cm‘‘.  The  beam  was  apertured  to  a 
circular  shape  and  slightly  focused  through  a  hole  (0=3  mm) 
in  the  mirror  Ml  into  the  measuring  volume,  where  the  beam 
diameter  was  approx.  0.5  mm.  Saturation  of  the  A-X  transi¬ 
tion  was  reduced  to  a  small  degree  by  attenuating  the  pulse 
energy  to  <  0.1  mJ.  The  fluorescence,  covering  the  spectral 
range  from  about  226  to  300  nm,  was  collected  by  a  quartz 
lens  (f=100  mm,  0=100  mm)  and  detected  by  a  solar  blind 
photomultiplier  (Hamamatsu  R166  UH)  with  high  quantum 
efficiency  between  160  and  300  nm.  To  suppress  stray  light 
from  the  laser  beam  a  long  pass  filter  with  a  sharp  edge  at 
=230  nm  was  mounted  in  front  of  the  PMT.  The  length  and 
position  of  the  measuring  volume  could  be  changed  by  a  slit 
in  the  image  plane  of  the  detection  optics  in  front  of  the 
PMT.  To  overlap  the  two  laser  beams  at  226  and  488  nm  and 
the  measuring  volumes  of  the  Raman  and  LIF  systems,  a  gas 
flow  of  Hj/NO  from  a  capillary  (0=0.4  mm)  was  used.  The 
overlap  was  controlled  and  adjusted  by  translating  the 
capillary  in  x,  y,  and  z  direction  while  monitoring  the  H2 
Raman  and  NO  LIF  signals.  Hereby,  the  measuring  volume 
of  the  Raman  system  was  taken  as  fixed  and  that  of  the  LIF 
system  was  adapted  to  it  by  adjusting  the  UV  laser  beam  and 
the  position  and  width  of  the  slit  in  the  image  plane  of  the 
LIF  detection  optics.  The  time  delay  between  the  two  laser 
pulses  was  =1  ps.  A  few  percent  of  the  UV  laser  beam  were 
split  off  to  monitor  the  relative  pulse  energy  by  a  photodiode 
and  to  excite  NO  in  a  reference  gas  cell  to  control  the 
stability  of  the  UV  laser  wavelength.  For  the  excitation  of 
NO,  the  pair  of  lines  R,i(18.5)  +  Q, 2(18.5)  was  chosen 
because  it  is  well  isolated,  it  does  not  interfere  with  O2  lines 
of  the  Schumann-Runge  band,  and  yields  a  high  signal  level 


over  a  wide  range  of  temperatures. 

2.3  Quantitative  Evaluation  of  NO  LIF  Signals 

For  the  quantitative  interpretation  of  the  NO  LIF  data, 
the  following  influences  on  the  signal  strength  have,  in 
general,  to  be  considered:  Boltzmann  fraction  of  the  ground 
rotational  state,  vibrational  and  rotational  energy  transfer 
(VET,  RET),  line  shift,  line  broadening,  electronic  quenching, 
and,  in  case,  saturation.  Beginning  with  the  Boltzmann 
fraction,  the  relative  population  of  the  J=18;5  state  was 
calculated  from  the  temperature  simultaneously  determined 
by  the  Raman  measurement.  VET  of  the  A^E*  v’=0  state  of 
NO  is  slow  in  comparison  to  the  electronic  quenching  rate, 
as  determined  by  Cattolica  et  al  (1989),  and  can  be  neglected 
in.  RET  changes  the  spectral  composition  of  the  fluorescence, 
but  in  case  of  broadband  detection,  as  applied  here,  does  not 
influence  the  detection  efficiency  by  "spectral  biasing". 
Furthermore,  Raiche  and  Crosley  (1990)  and  Drake  and 
Ratcliffe  (1993)  showed,  that  electronic  quenching  cross 
sections  do  not  vary  significantly  with  rotational  level  so  that 
RET  does  not  change  the  overall  fluorescence  yield.  Thus, 
RET  can  also  be  neglected  for  the  for  the  quantitative  data 
evaluation  in  our  experiments. 

Under  these  conditions  and  for  weak  excitation  of  a 
single  transition,  the  detected  fluorescence  signal  S,  per  laser 
pulse  can  be  written  as: 

Sf  =  C  n^o  fg  Ep  g  A/( A+Q)  ( 1 ) 

where  C  is  a  constant  including  geometrical  parameters, 
detection  efficiency,  size  of  the  measuring  volume,  and  the 
Einstein  coefficient  of  absorption,  nf,o  is  the  NO  number 
density,  fg  is  the  Boltzmann  population  fraction,  Ep  is  the 
laser  energy  per  pulse,  g  is  the  line  overlap  integral,  A  is  the 
Einstein  coefficient  of  spontaneous  emission,  and  Q  is  the 
electronic  quenching  rate.  For  the  calculation  of  the  line 
overlap  integral  between  the  molecular  line  shape  (Doppler 
and  collisional  line  shape)  and  the  spectral  laser  profile,  as 
well  as  for  the  calculation  of  the  molecular  line  shift, 
information  about  temperature  and  collisional  environment  is 
necessary,  which  is  in  our  case  obtained  from  the  Raman 
data.  The  temperature  dependent  broadening  and  shift 
coefficients  for  collisions  of  NO  with  N2,  HjO,  and  O2  used 
in  our  data  evaluation  program  were  taken  from  Chang  et  al 
(1992)  and  Di  Rosa  et  al  (1993).  The  variation  of  the  overlap 
integral  is  small  for  typical  flame  conditions,  but  for  gas 
densities  at  room  temperature  the  value  increases  by  about 
30%.  The  effect  of  line  shift  leads  to  an  additional  change  of 
the  overlap  integral  of  less  than  2%. 

The  most  important  correction  of  the  NO  LIF  signals 
concerns  electronic  quenching,  which  is  typically  two  orders 
of  magnitude  faster  than  the  spontaneous  emission  rate.  The 
total  quenching  rate  depends  strongly  on  the  gas  composition 
and  temperature,  and,  considering  the  conditions  in  our  Hj/air 
flames,  can  vary  by  an  order  of  magnitude.  Therefore,  an 
accurate  knowledge  of  the  quenching  environment  and 
reliable  values  of  the  quenching  cross  sections  of  the  invol¬ 
ved  species  are  necessary  in  order  to  get  correct  NO  concen- 
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trations.  The  quenching  cross  sections  and  their  temperature 
dependence  were  measured  for  these  species  by  Raiche  and 
Crosley  (1990)  in  the  temperature  range  from  300  to  750  K 
and  by  Drake  and  Ratcliffe  (1993)  for  300-1570  K.  Discre¬ 
pancies  between  these  data  sets  of  up  to  50%  occur  for  the 
quenching  cross  section  of  H^O  for  T  >  300  K.  We  used  the 
results  of  Drake  and  Ratcliffe  because  measurements  in  our 
calibration  flames  could  only  be  interpreted  consistently  with 
their  quenching  cross  section  for  HjO.  To  extrapolate  the 
measured  quenching  cross  sections  for  temperatures  above 
1570  K  (or  750  K  for  the  data  of  Raiche  and  Crosley),  the 
calculated  values  of  Paul  et  al  (1994)  were  taken.  With  these 
quenching  cross  sections  and  the  temperatures  and  gas 
compositions  from  the  Raman  measurements,  the  total  quen¬ 
ching  rate  was  calculated  as  outlined  by  Paul  et  al  (1994). 

The  calculation  of  the  Boltzmann  fraction  and  the 
corrections  for  quenching,  line  broadening,  and  line  shift 
were  included  in  our  data  evaluation  program.  The  absolute 
quantification  of  the  LIF  signals  was  performed  by  calibration 
measurements  in  the  standard  flames  doped  with  small 
amounts  of  NO  (<1(X)  ppm).  To  ensure  that  doped  NO  is  not 
consumed  on  its  way  from  the  flow  meter  to  the  measuring 
volume,  e.g.  in  the  reaction  zone,  the  NO  concentrations  in 
the  exhaust  gas  were  measured  using  a  commercial  suction 
probe  (Hartmann  &  Braun,  Radas  IG).  The  measured  NO 
concentrations  in  the  doped  calibration  flames  and  in  cold 
air/NO  mixtures  agreed  within  5%  with  the  concentrations 
deduced  from  the  gas  flow  meters. 

The  small  degree  of  saturation,  which  was  applied  in 
order  to  increase  the  LIF  signal  level,  was  not  considered  in 
the  evaluation  program.  However,  measurements  in  the  cali¬ 
bration  flames  did  not  reveal  a  dependence  of  the  degree  of 
saturation  on  the  gas  composition  or  temperature  within  the 
measuring  accuracy. 

2.4  2D  LIF  Imaging 

The  2D  LIF  imaging  experiments  were  performed  with 
a  new  laser  system  consisting  of  a  Nd:YAG-pumped  optical 
parametric  oscillator  with  frequency  doubler  (Spectra  Physics 
MOPO  730).  For  excitation  of  the  OH  radical  the  laser  was 
tuned  to  the  Q2(9)  line  of  the  X^n(v=0)  A^Z(v=l)  transi¬ 
tion  at  )t=283  nm,  for  excitation  of  NO  the  same  transition 
as  in  the  point  measurements  was  used.  The  pulse  energies 
were  on  the  order  of  5  mJ.  The  UV  laser  beam  was  formed 
to  a  vertical  light  sheet  of  approx.  40  mm  height  and  0.2  mm 
thickness  by  a  cylindrical  lens  (f=-19  mm)  and  a  spherical 
lens  (f=200  mm)  and  irradiated  into  the  flame  so  that  the 
sheet  intersected  the  flame  axis.  The  fluorescence  was 
detected  under  90°  by  an  image-intensified  CCD  camera 
(PCO)  equipped  with  a  UV  telephoto  lens  (Nikkor,  f=105 
mm,  f/4.5),  using  a  100  ns  temporal  detection  window. 

Series  of  typically  25  single-pulse  images  were  recorded 
at  various  downstream  positions.  The  objective  of  the  OH 
measurements  was  to  get  structural  information  about  the 
position  and  thickness  of  the  reaction  zones.  Imaging  the 
fluorescence  from  (doped)  NO  was  in  this  case  used  to 
visualize  the  structure  of  the  H^/Nj  jet.  Because  LIF  on  Hj 
and  N2  is  hard  to  perform  under  flame  conditions,  the  fuel 


was  seeded  with  400  ppm  of  NO,  so  that  the  fluorescence 
from  NO  served,  within  certain  limits,  as  an  indicator  for  the 
fuel  jet.  The  interpretation  of  these  images  will  be  treated  in 
the  discussion  of  the  results. 


3.  RESULTS  AND  DISCUSSION 

The  Raman/LIF  measurements  were  performed  in  a 
pattern  of  measuring  locations  at  various  radial  and  axial 
positions,  r  and  x/d,  respectively.  At  each  point,  probability 
density  functions  (pdf  s)  comprising  300  single  pulses  were 
recorded  from  which  the  mean  values  and  fluctuations  were 
extracted. 


3.1  Mean  Concentrations  and  Temperatures 

In  order  to  characterize  the  overall  behaviour  of  this 
type  of  jet  diffusion  flames,  radial  profiles  of  the  mean  values 
are  displayed  in  Fig.2  for  the  downstream  positions  x/d=5 
and  40,  recorded  in  a  flame  with  Reynolds  number  Re=8800, 
fuel  composition  75%H2  +  25%N2,  and  exit  velocity  v„;^ 
=42.3  m/s.  At  x/d=5,  combustion  takes  place  in  a  region 
around  r=8  mm  where  the  temperature  and  the  concen¬ 
trations  of  H2O  and  NO  have  their  maxima.  The  highest 
mean  temperature  is  2241  K  which  is  close  to  the  adiabatic 
flame  ternperamre  of  T^=2264  K  for  this  fuel  composition. 


Radial  Position  /  mm 


Fig.2:  Radial  profiles  of  mean  concentration  and  temperature 
values  from  a  Hj/Nj/air  flame  (Re=8800).  Concen¬ 
trations  are  given  in  %  for  major  species  and  in  ppm 
for  NO.  The  symbols  represent  measured  values  and 
the  solid  lines  are  drawn  as  a  guide  line  for  the  eye. 
The  dotted  line  indicates  the  flame  axis. 
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The  corresponding  mean  NO  concentration  is  92  ppm.  Near 
the  flame  axis,  mainly  unbumt  fuel  is  present  with  a  small 
amount  of  combustion  products  which  have  been  transported 
by  turbulent  mixing  from  the  reaction  zone  towards  the  center 
of  the  flame.  Further  downstream,  the  flame  becomes  broader 
and  the  regions  of  combustion  reach  the  flame  axis.  At 
x/d=40,  the  concentrations  have  dropped  below  20%  and 
combustion  is  almost  completed.  The  highest  mean  tempera¬ 
tures  are  around  1900  K  and  the  maximum  mean  NO  concen¬ 
tration  is  68  ppm.  At  first  sight,  the  drop  in  temperature  and 
NO  concentration  is  not  plausible,  because  as  long  as  the  fuel 
is  not  consumed,  heat  is  still  released  and  NO  should 
accumulate  in  the  exhaust  gas.  Examining  the  single-pulse 
values  (not  displayed)  confirms  the  observation  that  the 
temperatures  at  x/d=5  are  considerably  higher  than  farther 
downstream  and  exceed,  for  many  single-pulse  values,  the 
adiabatic  flame  temperature.  It  will  be  shown  in  the  next 
paragraph,  that  this  deviation  from  adiabatic  equilibrium  is 
due  to  differential  diffusion  effects,  leading  to  a  temperature 
increase  in  the  region  around  the  reaction  zone  and  an  enhan¬ 
ced  production  of  thermal  NO.  Above  x/d=5,  differential 
diffusion  is  less  pronounced  so  that  the  temperature  and  the 
NO  formation  decrease.  The  net  effect  between  further  NO 
production  and  dilution  of  the  initially  high  NO  concen¬ 
trations  by  downstream  generated  exhaust  gas  is,  in  this 
flame,  a  decrease  of  NO  concentration.  This  effect  is  even 
more  pronounced  in  a  Hj/Nj/air  jet  flame  of  higher  dilution 
by  Nj  and  lower  Reynolds  number,  as  shown  by  Meier  et  al 
(1996a). 

3.2  Effects  of  Differential  Diffusion 

In  a  flow  with  fully  developed  turbulence,  bulk  trans¬ 
port  by  molecular  diffussion  is  of  minor  importance  and  the 
concept  of  unity-Lewis-number,  often  used  in  turbulent  flame 
models,  is  justified.  However,  it  has  been  observed,  e.g.  by 
Drake  et  al  (1986)  and  Smith  et  a!  (1995),  that  differential 
molecular  diffusion,  i.e.  unequal  diffusivity  for  different 
species,  can  play  a  significant  role  in  turbulent  jet  flames 
fuelled  with  hydrogen.  Our  investigations  in  various  Hj/Nj  jet 
diffusion  flames  have  revealed  that  this  effect  is  clearly 
pronounced  in  Nj-diluted  H,  flames,  especially  near  the  flame 
root. 

The  identification  of  differential  diffusion  effects  in 
turbulent  flows  requires  the  simultaneous  detection  of  all 
major  species  concentrations  (on  a  single-pulse  basis), 
because  only  in  this  way  the  correlations  between  the 
different  species  concentrations  become  obvious.  A  common 
way  to  identify  differential  diffusion  is  to  compare  the 
mixture  fractions  derived  from  different  element  mass 
fractions,  as  performed  by  Smith  et  al  (1995)  or  Meier  et  al 
(1996a).  However,  in  the  examples  given  here,  we  want  to 
restrict  the  presentation  to  the  correlations  between  mole 
fractions  and  temperature  (instead  of  mixture  fractions)  from 
which  important  indications  for  the  transport  processes  in 
these  flames  can  be  deduced. 

In  order  to  investigate  the  influence  of  Reynolds 
number  on  the  transport  mechanisms,  the  exit  velocity  of  the 
fuel  jet  (75%H2  +  25%N2)  was  varied  stepwise  from  14.1  to 


56.4  m/s.  Examplary  results  for  the  O2-T  and  H2O-T  correla¬ 
tions  at  a  downstream  position  close  to  the  nozzle  (x/d=5)  are 
displayed  in  Fig.3  for  v„i,=14.1  and  56.4  m/s  (Re=3()00  and 
12000).  The  symbols  represent  single-pulse  values  recorded 
at  various  radial  locations  between  the  flame  axis  and  the 
periphery  of  the  flame.  The  solid  lines  represent  results  from 
an  adiabatic  equilibrium  calculation  using  the  computer  code 
of  Gordon  and  McBride  (1971).  It  is  clearly  seen  that  the 
measured  values  deviate  markedly  from  adiabatic  equilibrium 
(in  contrast  to  the  Hj-T  and  Nj-T  correlations  which  are  not 
displayed  in  the  figure).  To  show  that  these  deviations  are 
partly  due  to  differential  diffusion  effects,  we  make  use  of 
the  results  of  Katta  et  al  (1994)  who  investigated  a  laminar 
diffusion  flame  of  similar  composition.  According  to  their 
definition,  the  local  Lewis  number,  Le,  of  a  species  is  the 
ratio  of  the  conductive  heat  transport  of  the  mixture  to  the 
mass  transport  of  the  species  (Lei=W(p-Di.N2'Cp)  where  X 
is  the  thermal  conductivity,  p  is  the  density,  Dj.^^  is  the 
diffusion  coefficient  of  species  i  in  Nj,  and  Cp  is  the  specific 
heat  of  the  mixture.  For  gas  compositions  and  temperatures 
typical  for  our  flames  at  x/d=5,  O2  has  a  Le  number  near 
unity,  Hj  below  1,  and  HjO  has  a  Le  number  greater  than  1 
on  the  fuel  side  and  linle  less  than  1  on  the  air  side. 

Beginning  with  the  almost  laminar  flame,  v„;=14.1 
m/s,  it  is  seen  in  Fig  3(a)  that  temperatures  are  measured 
which  exceed  the  adiabatic  flame  temperature  by  several 
hundred  K.  The  corresponding  radial  location  is  in  or  near 
the  reaction  zone.  In  that  region  of  the  jet  (x/d=5,  r=10  mm), 
where  the  general  flow  direction  is  parallel  to  the  flame 
surface  and  stretch  effects  are  low,  the  mass  diffusion  rate 
from  the  flame  zone  is  higher  than  the  heat  conduction  rate 
(Le<l)  and  the  temperature  is  increased  above  T^j.  Thus,  the 
temperature  increase  is  due  to  differential  diffusion.  On  the 
fuel  side  of  the  reaction  zone  (rich  branch),  Le„2o  is  much 
greater  than  1,  so  that  heat  is  faster  transported  away  than 
HoO  leading  to  a  temperature  drop  for  this  branch,  in 
accordance  with  the  experimental  results.  On  the  air  side 
(lean  branch)  with  Le„2o^l,  only  a  little  temperature  increase 
is  expected  due  to  differential  diffusion.  The  experimental 
results  show,  instead,  quite  high  temperatures  and/or  low 
water  concentrations  in  comparison  to  adiabatic  equilibrium, 
indicating  an  additional  influence  on  the  H2O-T  correlation. 
The  Oj-T  correlation  in  Fig.3(b)  shows  high  O2  concen¬ 
trations  and  /or  high  temperatures  which  can,  again,  not 
solely  be  explained  by  differential  diffusion  because  the 
corresponding  Lewis  number  is  near  unity. 

For  the  more  turbulent  conditions  (Vj,i,=56.4  m/s), 
where  differential  diffusion  effects  should  be  small,  the 
maximum  temperatures  have  dropped,  but  deviations  from 
adiabatic  equilibrium  are  still  unexpectedly  large.  The  Oj-T 
correlation  and  the  "lean  branch"  of  the  HjO-T  correlation 
have  not  changed  much,  indicating  that  the  transport  proces¬ 
ses  on  the  air  side  of  the  flame  are  not  affected  markedly  by 
the  increase  of  the  flow  velocity.  The  "rich  branch"  in 
Fig.3(c)  has,  instead,  changed  its  shape  and  moved  closer  to 
the  equilibrium  curve.  Further  downstream,  e.g.  at  x/d=20 
(not  displayed),  where  the  turbulence  is  well  developed,  all 
concentrations  are  in  good  agreement  with  adiabatic  equi¬ 
librium. 
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Fig.3:  HjO-T  and  Oj-T  correlations  showing  the  deviations  between  the  experimental  values  (symbols)  and 
adiabatic  equilibrium  at  the  downstream  position  x/d=5. 


The  results  lead  to  the  conclusion  that  differential 
diffusion  plays  a  significant  role  in  these  flames,  but  that  it 
is  not  responsible  for  all  observed  deviations  from  adiabatic 
equilibrium.  To  further  illuminate  the  interaction  between 
flow  field  and  chemical  state,,  the  measured  NO  distributions 
are  discussed  now. 

3.3  Correlation  between  NO  and  Temperature 

Figure  4  displays  the  correlations  between  NO  concen¬ 
tration  and  temperature  for  the  same  flames  and  positions  as 
discussed  in  the  previous  paragraph.  In  this  case,  the  single¬ 
pulse  values  were  conditionally  averaged,  i.e.  averaged  within 
distinct  temperature  intervals,  to  yield  a  clearer  identification 
of  the  relations.  An  essential  difference  between  the  flames 
is  the  level  of  NO  concentrations  which  is  more  than  5  times 
higher  for  the  slow  jet.  One  reason  for  this  difference  is  the 
longer  residence  time  for  the  formation  of  NO  at  lower  flow 
velocities.  The  other  reason  is  the  higher  temperature  level  in 
the  reaction  zones  of  the  slow  jet,  caused  by  differential 
diffusion,  leading  to  a  strong  increase  of  thermal  NO  forma¬ 
tion. 

Another  remarkable  result  is  the  splitting  of  the  data 
into  a  rich"  and  a  "lean  branch",  i.e.  NO  concentrations 
measured  on  the  fuel  side  of  the  reaction  zone  are  conside¬ 
rably  higher  than  those  measured  on  the  air  side  at  the  same 
temperature.  At  first  sight,  this  effect  is  surprising,  because 
in  the  near  field  of  the  jet,  NO  and  heat  are  both  produced 


Fig.4:  Coaelation  between  NO  and  temperature.  The  single¬ 
pulse  values  were  classified  with  respect  to  rich  or 
lean  gas  compositions  and  conditionally  averaged 
within  distinct  temperature  intervals. 
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within  the  small  spatial  region  of  the  reaction  zone  and  the 
question  arises,  why  they  develop  in  a  different  way  while 
being  transported  to  the  air  or  to  the  fuel  side.  The  splitting 
is  rather  small  for  the  slow  jet  with  Vjji,=14.1  m/s,  most 
markedly  pronounced  for  v„„=42.3  m/s  (not  shown  here),  and 
begins  to  wash  out  for  higher  exit  velocities.  Furthermore,  the 
splitting  decreases  with  increasing  distance  from  the  nozzle. 
Combining  these  experimental  results,  this  effect  seems  to  be 
related  to  the  structures  and  transport  mechanisms  within 
these  flames.  In  order  to  get  more  information  about  the 
structure,  2D  LIF  imaging  experiments  were  performed. 

3.4  Structural  Information  from  2D  LIF  Imaging 

Figure  5  shows  two  typical  single-pulse  2D  LIF 
images  of  OH  and  doped  NO  covering  a  field  of  view  from 
x/d=3  to  7  in  a  flame  with  v„.„=42.3  m/s  and  Re=8800  (the 
same  flame  as  in  Fig.2).  The  OH  distribution  reflects  the 
position  and  shape  of  the  reaction  zone,  where  high  tempe¬ 
ratures  and  superequilibrium  concentrations  of  OH  are 
present.  It  can  be  seen  that  the  reaction  zone  is  smooth  and 
not  wrinkled  by  turbulence.  Further  downstream  (not  dis¬ 
played)  the  reaction  zone  becomes  broader  and  more  irregular 
and,  finally,  in  the  upper  part  of  the  flame  the  OH  dis¬ 
tribution  is  broad,  indicating  distributed  reaction. 

The  fluorescence  distribution  from  NO,  seeded  to  the 
Hj/Nj  fuel  jet,  needs  some  explanation  for  the  correct 
interpretation.  In  a  pure  H2/N2  mixture,  NO  fluorescence  is 
very  weakly  quenched  (Q=3-10’  sec"')  resulting  in  high 
signal  levels.  However,  small  admixtures  of  water  enhance 
the  quenching  drastically,  e.g.  2%  water  increase  the  quen¬ 
ching  rate  by  an  order  of  magnitude,  leading  to  a  rapid  drop 
in  LIF  signal  intensity.  Thus,  the  bright  regions  in  the  NO 
LIF  distribution  in  Fig.5  represent  almost  pure  fuel,  whereas 
the  dark  contours  reflect  the  entrainment  of  water  from  the 


mixing  layer,  i.e.  the  region  between  the  fuel  side  of  the 
reaction  zone  and  the  fuel  jet.  From  the  fluorescence  dis¬ 
tribution  it  is  seen  that  the  flow  field  of  the  high-speed  fuel 
jet  and  the  mixing  layer  is  highly  turbulent  exhibiting  vortical 
stmctures  from  roughly  1  to  10  mm  in  dimension.  Although 
the  vortical  structure  of  the  inner  core  of  the  flame  seems  to 
be  in  contrast  to  the  laminar  shape  of  the  reaction  zone,  this 
behaviour  is  not  unusual.  Investigations  by  Clemens  and  Paul 
(1995),  Everest  et  al  (1995),  and  some  other  research  groups 
have  revealed  similar  structures  in  jet  diffusion  flames.  Due 
to  the  heat  release  in  the  reaction  zone,  the  viscosity  in¬ 
creases  strongly,  resulting  in  a  decrease  of  Reynolds  number 
and  a  lanainarization  of  the  flow  in  the  region  of  the  flame 
zone.  In  this  way,  the  reaction  zone  forms  a  barrier  for  the 
vortices  and  the  transport  by  turbulent  diffusion.  In  the 
reaction  zone  and  on  the  air  side,  the  flow  is  laminar,  at  least 
in  the  near  field  of  the  jet.  Further  downstream  the  reaction 
zone  is  more  and  more  broken  up  by  turbulence  and  mass 
transport  is  finally  dominated  by  turbulent  diffusion. 

With  this  picture  of  the  flame,  the  results  presented  in 
the  previous  paragraphs,  i.e.  species-temperature  correlations 
at  x/d=5.  can  be  qualitatively  explained.  In  the  reaction  zone 
and  on  the  air  side,  mass  transport  is  dominated  by  molecular 
diffusion,  whereas  on  the  fuel  side  transport  is  dominated  by 
turbulent  mixing,  except  for  the  almost  laminar  flame  with 
v^^j=14.1  m/s.  NO  molecules  diffusing  from  the  reaction  zone 
to  the  fuel  side  are  picked  up  and  carried  away  by  turbulent 
vortices  in  the  mixing  layer.  To  give  an  impression  of  the 
different  time  scales  for  molecular  and  turbulent  transport,  the 
large-eddy-tumover  time,  Xj,  taken  as  the  measure  for  the 
turbulent  time  scale,  is  estimated  according  to  Barlow  et  al 
(1990)  as  T<1  ms  at  x/d=5.  In  the  same  time,  a  NO  molecu¬ 
le  covers  a  distance  of  about  1  mm  by  diffusion.  Thus,  the 
probability  that  NO  molecules  diffuse  back  from  the  fuel  side 
into  the  reaction  zone  and  further  to  the  air  side  is  rather  low. 


3.1.7. 


The  turbulent  vortices,  being  hindered  from  penetrating  the 
reaction  zone,  neither  can  transport  NO  to  the  air  side. 
Consequently,  NO  is,  to  some  extend,  trapped  in  the  inner 
core  of  the  jet.  In  the  reaction  zone  and  on  the  air  side,  NO 
is  only  transported  by  molecular  diffusion  and  can  move  from 
the  air  side  to  the  fuel  side  by  random  motion.  In  this  way, 
the  reaction  zone  acts  quasi  as  a  semipermeable  wall  for  NO. 
For  the  transport  of  heat  and  temperature,  the  situation  is 
somewhat  different.  While  NO  molecules  have  hardly  enough 
time  to  diffuse  from  a  fast  moving  vortex  into  the  reaction 
zone,  heat  exchange  between  these  regions  is,  due  to  the  high 
collision  rate,  not  suppressed.  Considering  the  results  from 
Fig.4,  i.e.  the  splitting  in  the  NO-T  correlation,  the  described 
mechanism  is  fairly  active  for  the  turbulent  jet  with  v^,^;,=56.4 
m/s,  but  less  pronounced  for  the  nearly  laminar  jet  with 
v„i,=14.1  m/s,  where  transport  by  turbulence  is  of  minor 
importance.  Further  downstream,  the  splitting  is  washed  out 
because  the  flow  develops  to  a  fully  turbulent  jet  and 
transport  by  turbulent  diffusion  is  the  dominating  mechanism 
on  both,  the  air  and  the  fuel  side. 

Some  of  the  arguments  also  hold  for  the  transport  of 
HjO,  but  with  less  consequences  because  HjO  has  a  higher 
diffusion  coefficient  and  its  formation  is  not  temperature 
dependent.  Nevertheless,  it  explains  qualitatively  the  higher 
water  concentrations  on  the  fuel  side  observed  in  Fig.3. 

4.  CONCLUSIONS 

A  combined  Raman/LIF  apparatus  for  the  simultaneous 
detection  of  temperature,  major  species  and  NO  concen¬ 
trations,  and  a  2D  LIF  imaging  system  have  been  presented. 
In  investigations  on  various  Hj/NVair  jet  diffusion  flames  the 
potential  of  these  techniques  for  a  detailed  flame  charac¬ 
terization  has  been  demonstrated.  A  main  advantage  of  simul¬ 
taneous  single-pulse  measurements  lies  in  the  possibility  to 
study  the  correlations  between  various  quantities,  which,  in 
many  cases,  contain  the  key  information  for  the  under¬ 
standing  of  the  interaction  between  flow  field  and  chemistry. 
It  was  shown  that  differential  diffusion  plays  an  important 
role  in  this  kind  of  jet  flames,  especially  near  the  flame  root 
where  the  temperature  is  raised  above  and  thermal  NO 
formation  is  significantly  enhanced.  The  experimental  results 
further  revealed  different  flow  conditions  in  the  near  field  of 
the  jet;  high  turbulence  on  the  fuel  side  of  the  reaction  zone 
and  laminar  conditions  within  the  reation  zone.  Based  on  the 
experimental  results,  a  qualitative  interpretation  for  the 
transport  mechanism  of  NO  has  been  given,  which  explains 
the  higher  NO  concentrations  on  the  fuel  side  in  comparison 
to  the  NO  concentrations  on  the  air  side  at  the  same  tempera¬ 
ture. 
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ABSTRACT 

Particle  Image  Velocimetry  (PIV)  is  used  to  measure 
the  instantaneous  velocity  fields  in  the  near  and  far  field  of 
an  axisymmetric  nitrogen-diluted  methane  jet  {Re  =  6000) 
issuing  into  a  co-flowing  air  stream.  Velocity 
measurements  are  taken  under  reacting  and  non-reacting 
conditions  to  determine  the  effects  of  heat  release  on  flow 
structure  and  mixing.  In  addition,  velocity  measurements 
are  made  at  the  base  of  a  lifted  methane  flame  {Re  =  4200)  to 
examine  the  velocity  criteria  for  flame  stabilization.  In 
each  case,  the  jet  and  co-flow  are  seeded  with  nominally  0.3 
pm  alumina  (AI2O3)  particles  to  obtain  planar,  two- 
component  (axial  and  radial)  velocity  data  in  the  jet,  flame 
zone  and  free  stream.  Measurement  uncertainties  are 
assessed  for  the  current  PIV  configuration,  and  beam 
steering,  image  distortion  and  thermophoresis  effects  on 
reacting  measurements  are  discussed. 

INTRODUCnON 

Established  in  the  early  1980's,  particle  image 
velocimetry  (PIV)  is  now  routinely  used  by  the 
experimental  fluid  mechanics  community  to  measure  the 
instantaneous  two-dimensional  velocity  fields  in  a  wide 
variety  of  complex  flows  (Adrian,  1991).  While  refinement 
of  the  technique  continues  through  the  improvement  of 
accuracy  and  resolution  (e.g.  Westerweel,  et  al.  1996, 
Keane,  et  al  1995),  PIV  is  finding  wider  applicability 
through  its  extension  into  the  combustion  community. 
The  non-intrusive  laser  diagnostics  traditionally  used  in 
reacting  flows  have  been  planar  laser-induced  fluorescence, 
Raman  scattering,  Rayleigh  scattering  and  laser  Doppler 
velocimetry.  To  complement  the  planar  techniques  used  to 
measure  temperature  and  species  concentration,  PIV  is 
becoming  increasingly  popular  to  measure  velocity  fields 
in  reacting  flows. 

The  non-uniform  temperature  fields  associated  with 
reacting  flows  add  to  the  complexity  of  making  PIV 
measurements  because  as  the  temperature  rises  across  the 
flame  front,  the  fluid  density  (thus  seeding  density) 
decreases.  Early  PIV  studies  in  reacting  flows  had  either  no 
or  sparse  data  in  the  hot  post-flame  gases  due  to  the  reduced 
seeding  density  (e.g.  Reuss  et  al  1989,  Post  et  al.  1991  and 
Driscoll  et  al  1993).  Mungal  et  al.  (1995)  and  Paone 
(1994)  successfully  reported  velocity  in  the  pre-  and  post¬ 


flame  gases  of  laminar  and  turbulent  premixed  Bunsen 
flames  by  heavily  seeding  the  pre-flame  gases  thus 
providing  the  full  vector  fields  in  the  hot  and  cold  regions 
of  the  flow  simultaneously. 

In  the  present  study,  a  PIV  investigation  is  underway 
to  obtain  planar  two-component  velocity  data  in  reacting 
and  non-reacting  flows.  The  aim  of  the  current  study  is  to 
determine  how  turbulent  mixing  is  affected  by  heat  release 
and  provide  insights  into  the  stabilization  mechanism  of 
lifted  jet  diffusion  flames.  Contributions  to  the  assessment 
of  PIV  measurement  uncertainty  due  to  the  high  density 
gradients  (such  as  beam  steering,  image  distortion  and 
thermophoresis)  are  also  discussed. 

EXPERIMENTAL  SYSTEM 

Flow  Facility 

The  facility,  shown  in  Fig.  1,  is  a  vertical  indraft 
wind  mnnel  with  a  30  x  30  x  80  cm  test  section  and  4:1 
contraction  inlet.  Particle  Image  Velocimetry  (PIV)  is  used 
to  measure  the  velocity  fields  in  the  near  and  far  field  of  an 
axisymmetric  jet  in  co-flow  at  Re  =  6000  under  non¬ 
reacting  and  reacting  conditions.  The  jet,  comprised  of 
methane  diluted  with  60%  by  volume  nitrogen,  has  an  exit 
velocity  of  19  m/s  and  is  surrounded  by  a  co-flowing  stream 
of  air  with  a  velocity  of  0.5  m/s.  Under  reacting 
conditions,  the  nitrogen-diluted  methane  flame  is  stabilized 
by  a  hydrogen  pilot  with  a  volumetric  hydrogen  to  methane 
flow  rate  ratio  of  3%.  The  jet  and  pilot  issue  from  two 
concentric  copper  tubes,  120  cm  long,  with  a  jet  inner 
diameter  of  4.8  mm  (6.3  mm  O.D.)  and  pilot  inner  diameter 
of  8.0  mm  (9.5  mm  O.D.).  PIV  measurements  are  also  made 
at  the  base  of  a  lifted  methane  flame;  the  flow 
configuration  is  the  same  as  above  except  pure  methane 
(99.0%)  issues  from  the  4.8  mm  jet  and  no  pilot  gas  is  used 
in  the  outer  annulus.  For  both  studies,  the  jet  is  seeded  with 
nominally  0.3  pm  alumina  (AI2O3)  particles,  while  the  co¬ 
flow  can  be  seeded  with  alumina  or  a  micron-sized  fog 
produced  from  a  glycerol-water  mixture.  The  fog,  which  is 
non-flammable,  evaporates  at  elevated  temperatures  (80'C) 
and  thus  provides  a  useful  means  to  mark  the  room- 
temperature  free-stream  fluid  surrounding  the  hot  flame  jet. 
The  alumina,  however,  survives  flame  temperatures  and  is 
used  when  making  PIV  measurements  in  flames.  The  fog  is 
used  primarily  for  flame-jet  visualization. 
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PrV  System 

The  seed  particles  are  illuminated  by  a  double-pulsed 
laser  sheet  at  532  nm,  approximately  0.2  mm  thick 
coincident  with  the  jet  centerline.  The  light  source  is  a 
Nd:Yag,  400  mJ/pulse,  Spectra- Physics  PIV-400  laser 
containing  two  independent  cavities.  The  pulse  separation 
ranges  between  5-50  (is  provided  by  a  delay  generator  (SRS 
Model  DG  535).  The  scattered  light  from  both  laser  pulses 
in  a  5  cm  X  5  cm  region  of  the  test  section  is  collected  with 
a  105  mm  Nikkor  lens  at  f#/5.6  onto  a  2000  x  2000  pixel 
CCD  array  (Kodak  Megaplus  4.2).  The  double-exposed 
image  is  processed  by  an  IBM  RISC  6000  workstation  to 
yield  the  velocity  field.  The  MKIV  software  package 
(written  by  FFD  Inc.,  now  sold  through  TSI)  uses  an 
autocorrelation  technique  to  find  the  average  particle 
displacement  in  each  subregion  of  the  image,  which  is 
converted  into  velocity  based  upon  laser  pulse  separation. 
The  images  are  processed  with  60  x  60  pixel  subregions  in 
a  66  X  66  grid  so  that  the  overlap  between  two  neighboring 
subregions  is  50%,  and  each  vector  represents  the  average 
velocity  in  a  1.5  x  1.5  x  0.2  mm  interrogation  volume.  To 
remove  velocity  ambiguity  and  increase  dynamic  range,  the 
second  particle  image  is  shifted  from  the  first  by  a  known 
amount  using  a  spinning  mirror,  and  the  bias  is 
subsequently  removed  in  post-processing.  This  CCD-based 
image  acquisition  system  coupled  with  high-speed 
processing  provides  rapid  data  collection.  The  images  can 
be  collected  at  2  Hz  and  processed  at  a  rate  of  50  vec/sec. 

RESULTS  AND  DISCUSSION 

Flow  visualization 

The  three  flows  examined  in  this  study  are  visualized 
in  Fig.  2  by  means  of  Mie  scattering  and  flame  emission. 
The  photographs  reveal  the  instantaneous  (10  ns)  large- 
scale  jet  structure  and  time-averaged  (1/30  sec)  flame  shape. 
The  jets  are  seeded  with  alumina  in  Figs.  2(a,b)  and  the  co¬ 
flow  is  seeded  with  fog  in  Figs.  2(b,c).  The  non-reacting 
and  reacting  jet  in  co-flow  (Jie  =  6000)  are  shown  in  Figs. 
2(a,b).  The  flame  in  Fig.  2b  is  anchored  to  the  burner  by  a 
hydrogen  pilot.  The  outer  flame  jet  structure  (marked  by 
fog)  is  similar  to  that  of  the  non-reacting  jet  (marked  by 
alumina),  however,  the  flame  does  influence  the  inner  (fuel) 
jet  structure.  The  jet  widths,  characterized  by  the  non¬ 
reacting  jet  visualization  and  the  flame  jet's  influence  on 
the  free  stream,  are  comparable.  Figure  2c  shows  the  pure 
methane  lifted  flame  (Re  =  4200).  Fog,  marker  of  the  free- 
stream  fluid,  is  shown  being  entrained  into  the  jet  upstream 
of  the  flame  base  location. 

Heat  Release 

To  examine  the  effect  of  heat  release  on  turbulent 
mixing,  PIV  measurements  are  taken  in  a  non-reacting  and 
reacting  jet  at  the  same  jet  exit  Reynolds  number  (Re  = 
6000).  PIV  data  are  taken  at  three  axial  locations  (from  jet 
lip  to  flame  tip)  centered  at  7,  25  and  67  diameters 
downstream  (see  Muniz  &  Mungal,  1995).  Figure  3  shows 
side  by  side  comparisons  of  the  non-reacting  and  reacting 
case  at  25  diameters  downstream  where  the  average  flame 
length  is  70  diameters.  The  upper  PIV  images  (a,b)  show 


the  types  of  images  captured  on  the  CCD  array.  Note,  the 
low  seeding  density  regions  on  both  sides  of  the  centerline 
are  the  high  temperature  zones  where  the  flame  resides. 
Figures,  3(c,d)  show  the  velocity  in  the  lab  frame  after 
removal  of  the  bias  velocity  imposed  by  the  spinning 
mirror.  The  reacting  flow  appears  less  turbulent,  with  the 
jet  showing  a  zig-zag,  meandering  appearance.  In  Figures 
3(e,f),  large  scale  structures  convecting  downstream  are 
visualized  by  performing  a  Galilean  transformation  to  the 
reference  frame  convecting  at  one  half  the  centerline  minus 
co-flow  velocity.  The  non-reacting  flow  shows  a  broad 
range  of  structures  while  the  reacting  flow  shows  a 
considerable  reduction  in  vortical  activity,  and  the 
meandering  of  the  jet  is  readily  apparent.  Figure  4  shows 
the  instantaneous  centerline  velocity  decay  for  the  reacting 
and  non-reacting  case.  A  factor  of  two  increase  in 
centerline  velocity  is  seen  under  reacting  conditions  for 
axial  distances  greater  than  10  diameters  downstream. 
Since  the  jet  conserves  momentum,  a  less  rapid  decay  in 
centerline  velocity  implies  reduced  entrainment  of  ambient 
fluid  for  the  reacting  case.  Similar  results  for  the  hydrogen 
jet  are  reported  by  Takagi  et  al.  (1981)  using  LDV 
measurements. 

Lifted  Results 

PrV  data  are  taken  at  the  base  of  a  lifted  methane  flame 
(Re  =  4200)  to  determine  what  velocities  the  flame  base  can 
stabilize  itself  against.  Figure  5  show  a  typical  PIV  image 
with  the  accompanying  velocity  field.  The  abrupt  change 
in  seeding  density  marks  the  thermal  boundary  of  the  flame 
base.  This  flame  boundary  is  sketched  on  the  velocity 
field.  Since  the  flow  is  turbulent  and  unsteady,  the  flame 
base  location  moves  up  and  down.  Since  PIV  is  an  imaging 
technique,  the  velocity  can  be  extracted  at  the  flame  base 
location  even  though  the  flame  base  is  moving  within  the 
imaged  region  (see  Muniz  &  Mungal,  1996).  Figure  6 
shows  the  distribution  of  velocities  at  the  instantaneous 
flame  base  location  taken  from  66  realizations.  Note,  the 
peak  in  the  distribution  is  near  0.5  m/s.  Figure  7  contrasts 
the  instantaneous  and  average  behavior.  Figure  7a  shows 
the  instantaneous  axial  velocity  as  a  function  of  axial 
distance  along  the  centerline  (filled  symbols)  and  through 
the  flame  base  on  the  left  side  (open  symbols)  of  the  image 
presented  in  Fig.  5.  The  meandering  nature  of  the  jet  is 
seen  in  the  centerline  profile  while  the  flame  base  profile 
shows  the  velocity  decreasing  just  before  being  accelerated 
through  the  flame  front.  Similar  profiles  are  seen  in  triple 
flame  simulations  by  Ruetsch  et  al.  (1995)  where  the  triple 
flame  is  characterized  by  stratified  premixed  combustion  at 
the  base  followed  by  a  diffusion  flame  tail.  The  mean  (from 
66  images)  profiles  are  shown  in  Fig.  7b.  The  smooth 
decay  in  centerline  velocity  is  observed  as  well  as  the  slow 
rise  in  velocity  across  the  flame  front. 

UNCERTAINTY  ANALYSIS 

PIV  measurement  uncertainty  due  to  temperature 
gradients  is  assessed  by  addressing  beam  steering,  image 
distortion  and  thermophoresis.  Before  isolating  these 
effects,  the  algorithm  uncertainty  is  determined  excluding 
the  effect  of  out  of  plane  motion  and  velocity  variations 
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within  a  subregion  which  as  has  been  studied  by  Keane  & 
Adrian  (1992). 

Algorithm 

The  algorithm  and  imaging  contribution  to  the  PIV 
measurement  uncertainty,  which  applies  to  non-reacting 
and  reacting  flow  velocities,  is  assessed  by  performing  an 
artificial  shift  experiment.  A  single-pulsed  image  of 
uniform  co-flow  seeding  is  captured  on  the  CCD  array.  A 
double-exposed  test  image  is  generated  by  digitally  adding 
the  same  single-pulsed  image  to  itself  shifted  to  the  right 
by  a  specified  number  of  pixels.  Images  of  different  offsets 
were  generated  and  processed  with  different  sized 
interrogation  regions  to  estimate  the  uncertainty  of  the 
present  PIV  configuration  excluding  the  effect  of  out  of 
plane  motion  and  velocity  variations  within  a  subregion. 
Figure  8  shows  the  relative  measurement  uncertainty  for  the 
above  cases.  Current  PIV  experiments  are  designed  to  have 
pixel  displacements  between  10  and  15,  are  processed  with 
interrogation  regions  of  60  square  pixels  and  contain  10  or 
more  particle  pairs  yielding  0.8%  pixel  displacement 
uncertainty.  These  design  criteria  are  consistent  with  those 
put  forth  by  Adrian  (1991),  Lourenco  et  al.  (1989)  and 
Keane  &  Adrian  (1992). 

Beam  Steering 

To  evaluate  beam  steering,  a  HeNe  beam  passes 
through  the  flame  and  terminates  on  a  target  2  m  away  to 
measure  the  angular  deflection.  The  angular  deflection  is 
5.6  X  10-'‘  rad  when  the  beam  passes  through  the  center  of 
the  Re  =  6000  flame  and  is  2.3  x  lO'^  rad  when  passing 
through  the  flame  tangentially  at  x/d  =  20.  The  angular 
deflection  in  the  beam  is  caused  by  a  density  ^adient  in  the 
direction  perpendicular  to  the  beam  propagation  (Holder  & 
North,  1956)  and  is  given  by 

_  L  n{T)-n„ 

5  n„ 

where  is  the  deflection  angle  towards  the  region  of 
highest  density,  L  is  the  length  of  gradient  along  the  beam 
axis  and,  S  is  the  width  of  the  density  gradient  or  flame 
thickness.  The  index  of  refraction  as  a  function  of 
temperature  is  given  by 

n{T)  =  K^  +  l^K’^  +  \ 

Pa  ^ 

where  equals  300K.  Since  the  index  of  refraction  of  air 
at  300K  equals  1.000298,  K  equals  0.000298  and  the  index 
of  refraction  at  flame  temperatures  (2000K)  equals  1.00199. 

The  measured  deflections  agree  well  with  those 
calculated  for  L/8=  1/3  and  Z/5=  1  for  center  and  tangential 
propagation  of  the  beam  through  the  flame.  For  L/S  =  1/3, 

the  calculated  angular  deflection  is  5.5  x  10  ^  rad.  For  a 
laminar  flame  with  circular  cross-section,  no  beam  steering 
would  be  expected  since  the  density  gradient  is  parallel  (or 


flame  surface  perpendicular)  to  the  beam  propagation. 
However,  for  a  turbulent  flame,  it  is  reasonable  to  expect 
the  length  of  the  flame  surface  parallel  to  the  beam 
propagation  to  be  about  one  third  the  flame  thickness 
yielding  L/S  =  1/3.  When  the  beam  is  tangential  to  the 
flame,  it  is  reasonable  to  expect  L/5  =  1  yielding  a 
calculated  deflection  angle  of  1.6  x  10'^  rad.  When  making 
PIV  measurements,  the  laser  sheet  passes  through  the  center 
of  the  jet,  and  the  sheet  is  expected  to  be  deflected  only  28 
jtm  (less  than  one  seventh  of  the  sheet  thickness)  as  it 
reaches  far  side  of  the  imaged  region.  Therefore,  the  beam 
steering  effect  on  PIV  measurements  in  this  study  is 
negligible. 

Image  Distortion 

To  determine  the  extent  of  image  distortion  caused  by 
the  flame,  a  steel  ruler  is  placed  in  the  flow  and  imaged  with 
the  flow  reacting  and  non-reacting.  When  in  the  flame,  the 
ruler  is  imaged  quickly  before  the  ruler  thermally  expands. 
The  image  taken  in  the  reacting  flow  is  identical  to  the  non¬ 
reacting  ruler  image  down  to  the  pixel  as  determined  by 
their  addition.  Significant  blurring  and  distortion  occurs 
when  the  object  plane  is  a  substantial  distance  behind  the 
density  gradients,  see  Fig.  9.  The  image  becomes 
increasingly  blurred  as  L,  increases  while  keeping  Lj  L2 
constant.  In  the  present  configuration,  Lj  is  essentially 
zero,  and  no  blurring  is  seen.  The  camera  lens  (f  =  105  mm) 
is  approximately  25  cm  away  from  the  object  plane  (M  = 
0.36),  the  flame  is  1.5  cm  in  front  of  the  object  plane  at  the 
center  of  the  image  and  is  coincident  with  the  object  plane 
on  the  sides.  Since  PIV  measurements  are  taken  in  the 
flame  and  not  far  behind  the  flame,  image  distortion  effects 
on  the  velocity  measurements  are  found  to  be  negligible. 

Thermophoresis 

Thermophoresis  is  phenomenon  by  which  a  particle 
suspended  in  a  gas  with  a  temperature  gradient,  will  tend  to 
drift  down  the  gradient.  Therefore,  the  particle  velocity 
perpendicular  to  a  flame  surface  will  lag  the  fluid  velocity  as 
it  approaches  the  flame,  introducing  an  error  to  the  PIV 
measurement.  This  lag  in  particle  velocity  due  to 
thermophoresis  is  termed  thermophoretic  velocity. 
Thermophoretic  velocities  are  estimated  from  the 
experimental  and  theoretical  work  of  Sung  et  al.  (1994)  and 
Gomez  &  Rosner  (1993).  Sung  et  al.  calculated  and 
measured  the  thermophoretic  velocity  to  be  15  cm/s  for  a 
0.3  [am  alumina  particle  traveling  through  a  nitrogen- 
diluted  methane/air,  counterflow  diffusion  flame  with  a 
strain  rate  of  240  sec'*  .  The  calculation  was  done  by 
solving  the  governing  equation  of  the  particle  where  Fsd  is 
the  Stokes  drag,  and  F^p  is  the  thermophoretic  force. 

E-  .  c- 

tWp  “  ^SD  ^TP 


In  the  calculations  and  LDV  measurements,  the  particle 
velocity  lagged  behind  the  flow  velocity  in  the  preheat 
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zone  where  the  gradients  were  high,  and  the  estimated 
thermophoretic  velocity  accounted  for  this  lag  such  that 

Vf=Vp  +  \tp 

Gomez  &Rosner  (1993)  calculated  the  thermophoretic 
diffusivity.  Ip  by  determining  the  thermophoretic  velocity, 
v-pp  from  the  following  expression: 

where  a^is  the  dimensionless  thermophoretic  diffusion 
factor.  Dp  is  the  particle  Brownian  diffusivity,  T  is  the  local 
temperature  and  V  T  its  local  spatial  gradient.  The 
thermophoretic  diffusivity  of  a  Ti02  particle  with  a 
diameter  in  the  range  between  2  nm  and  0.4  pm  was  found  to 
be  0.5p/p.  Sung  et  al.  using  Gomez  &  Rosner’s  results 
calculated  the  thermophoretic  velocity  of  0.3pm  Ti02 
particles  for  the  case  where  k  =  240  sec‘*  with  (V  T^^ax  = 
2000  K/mm  at  T  =  1300K  to  be  14  cm/s.  From  this,  we 
took  the  thermophoretic  diffusivity,  hence  velocity,  of 
Ti02  and  AI2O3  to  be  approximately  equal  for  diameters 
near  0.3  pm. 

To  evaluate  the  thermophoretic  velocity  in  the  current 
study,  we  needed  to  estimate  VT.  To  this  end,  we  examined 
the  temperature  field  data  of  Everest  et  al.  (1995)  for  a 
similar  turbulent  jet  flame.  The  typical  temperature 
gradients  for  methane/hydrogen  jet  flames  at  Re  =  4000  and 
8000,  x/d  =  42  were  1000  K/mm  at  T  =  1300,  yielding  a 
thermophoretic  velocity  of  8  cm/s.  In  this  study,  PIV 
velocities  measured  on  the  air-side  of  the  flame  are  1  and 
0.5  m/s  (axial  and  radial  respectively).  The  magnitude  of 
error  due  to  thermophoresis  is  estimated  as  16  %  of  the 
radial  component  of  velocity  and  7%  of  the  overall 
velocity.  On  the  fuel  side  of  the  flame  front,  typical  PIV 
velocities  are  6  m/s  (axial)  and  0.5  m/s  (radial)  leading  to  a 
1%  error  on  the  overall  velocity  and  16%  error  on  the  radial 
component.  While  these  errors  are  not  overwhelming  for 
the  velocity  measurements  themselves,  they  could  have  a 
serious  impact  on  radial  velocity  gradient  calculations. 
Since  the  nature  of  flame  vortex  interactions  are  complex  in 
turbulent  reacting  flows,  no  attempt  has  been  made  to 
correct  the  PIV  data  for  thermophoresis  because  the 
instantaneous  temperature  field  is  not  known. 

CONCLUSIONS 

This  experimental  work  provides  instantaneous  two- 
dimensional,  two-component  velocity  fields  in  turbulent 
diffusion  flames  using  particle  image  velocimetry.  The 
non-reacting  and  reacting  jet  at  Re  =  6000  are  compared  and 
results  suggest  that  heat  release  does  affect  jet  behavior, 
namely  increased  centerline  velocity  and  reduced  turbulent 
activity.  The  results  from  the  lifted  methane  jet  at  Re  = 
4200  show  the  flame  base  is  anchored  primarily  in  the  low 
velocity  regions  of  the  jet.  Measurement  uncertainties 
related  to  high  temperature  gradients  are  assessed.  While 
effects  of  image  distortion  and  beam  steering  are  found  to 


be  negligible,  the  radial  particle  velocity  (thus  PIV 
measurement)  at  the  flame  surface  may  be  lagging  the  fluid's 
radial  velocity  by  as  much  as  16%  due  to  thermophoresis. 
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Figure  1:  Experimental  facility 
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Figure  3;  Non-reacting  and  reacting  PIV  images  and  velocity  fields  in  lab  frame  and  convecting 
frame  at  x/d  =  25  and  Re  =  6000 
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Figure  4:  Centerline  velocity  decay 
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Figure  6:  Velocity  histogram  at  instantaneous  flame  base 


Figure  5:  PIV  image  and  instantaneous  velocity  field  of  lifted  flame  base 
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ABSTRACT 

The  application  of  a  PTV  system  for  measurements  in 
high  turbulent  premixed  flames  is  here  presented.  The 
system,  based  on  photographic  aquisition  of  images 
illuminated  by  a  double  oscillator  Nd-Yag  laser  and  on 
processing  by  a  spatial  autocorrelation  algorithm,  has 
been  applied  to  seeded  combusting  flows  in  different 
conditions.  The  capability  of  the  system  to  measure 
turbulent  velocity  fields  has  been  tested  on  a  cold  non¬ 
reacting  flow,  where  problems  connected  to  seeding 
density  are  not  present.  Measurements  have  then  been 
performed  on  premixed  unconfined  flames  (at  Re  =  2355 
and  at  Re  =  3460)  from  a  Bunsen  burner,  equipped  with 
nozzles  of  different  lenght  and  supplied  with  different 
commercial  fuels,  and  on  a  larger  CH4  flames  (Re= 19200) 
confined  in  a  trasparent  combustion  chamber.  The  results 
obtained  from  these  tests  are  presented  and  discussed, 
with  reference  also  to  error  sources  occouring  in  PTV 
measurements  applied  to  high  turbulent  reacting  flow. 
Maps  of  vorticity,  strain  rate  and  dilatation  have  been 
computed  and  analysed  in  order  to  obtain  information 
about  position  and  thickness  of  the  preheat  zone  and  of 
the  flame  front. 


1.  INTRODUCTION 

It  is  well  known  that  the  combustion  process  is 
strictly  connected  to  the  fluidodynamic  properties  of  the 
surrounding  flow  field;  therefore,  in  order  to  completely 
understand  important  phenomena,  such  as  heat  release, 
mass  transport,  pollutant  production  and  emission,  it  is 
necessary  to  quantitatively  characterize  physical 
quantities  such  as  local  velocity,  turbulence,  viscous 
strength,  vorticity  and  strain  rate  and  their  interaction 
with  chemical  reactions  acting  in  the  flame.  The 
possibility  of  experimentally  determine  these  quantities 
is  of  paramount  importance  also  to  validate  data  and 
results  from  software  programs  for  numerical  simulation. 


where  one  of  the  main  problems  is  the  description  of  the 
turbulence  pattern  to  be  implemented. 

PIV  is  presently  one  of  the  few  techniques  which  can  be 
usefully  applied  to  measure  a  two-dimensional  velocity 
field  in  combusting  flows,  providing  instantaneous 
information  about  each  point  of  the  field.  This  is  of  great 
interest  for  the  combustion  process,  because  it  is 
regulated  by  istantaneous  gradients  which  are  not 
obsevable  by  using  traditional  time  avaraged  single¬ 
point  measurement  techniques,  such  as  LDV.  For  its 
istantaneous  nature,  PIV  is  suitable  also  for  the  study  of 
unsteadiness  phenomena,  such  as  flame  instability. 

Many  PTV  applications  have  been  already  sucsessfully 
performed  and  described:  Lewis  et  al.  (1987),  Reuss  et  al. 
(1989-1990),  Armstrong  et  al.  (1992),  Nino  et  al. 
(1992),  Mungal  et  al.  (1994),  Paone  (1994).  The  latest 
works  have  shown  that  measurements  in  turbulent 
premixed  flames  can  be  realized  both  upstream  and 
downstream  of  the  flame  front,  by  using  sufficiently 
high  particle  seeding  density;  usually  metal  oxide 
particles  (AlPj,  TiO^,  ZrO^,  etc.)  have  been  employed, 
because  of  their  capability  to  keep  good  scattering  cross 
section  at  high  temperatures.  PTV  has  been  applied  also 
for  measurements  in  the  cylinder  head  of  an  engine 
(Reuss  et  al.,  1990,  Nino  et  al.,  1992). 

In  this  paper  all  the  previous  results  are  basically 
confirmed;  the  extension  with  respect  to  the  earlier 
studies  is  the  application  of  a  traditional  PTV  system  to 
flame  with  very  high  turbulence  level  (until  Re  =  19200) 
and  rather  large  dimension  (from  5.4x2.28cm  to 
17.97x7.95  cm),  with  the  aim  of  measuring  velocity 
vectors  in  the  whole  flow  field,  and  not  only  in  a  single 
vortical  stmcture  or  in  the  tip  of  the  flame.  Main 
difficulty  and  limitation  in  processing  large  images  is 
related  to  limited  spatial  resolution  and  to  its  influence 
in  resolving  flows  with  large  velocity  gradients,  whose 
effects  in  measurement  uncertainty  are  addressed  in  the 
next  paragraph.  What  is  presented  in  this  paper  aims  to 
the  extension  of  PTV  applications  to  large  size  flames 


3.4.1. 


and  large  turbulence  levels,  step  which  is  foundamental 
in  order  to  apply  the  technique  to  industrial  combustors. 


2.  THE  PIV  SYSTEM 

The  PIV  measurement  system  used  in  this  work  is 
based  on  a  double-oscillator  Nd-Yag  laser  (Continuum, 
wavelenght  X=532  nm,  energy  110  mJ/pulse,  pulse 
duration  12  ns),  triggered  by  a  standard  photografic 
camera  (Nikon  F-601,  film  35  mm)  by  employing  the 
camera  flash  contacts  and  a  pulse  generator  for  flash 
lamp  and  Q-swithc.  The  camera  takes  images  by  a  60  mm 
macro  objective  (Nikon,  AF  Micro-Nikkor)  at  its 
maximum  opening  f#2.8,  with  a  narrow  band 
interference  filter  (10  nm  wide  centered  around  532  nm) 
used  in  order  to  remove  undesired  noise  generated  from 
flame  radiation.  Film  is  choosen  to  have  resolution  100 
line  pairs/mm  (Kodak  T-MAX  400).  Time  delay  between 
pulses  is  set  according  to  velocity  field  and 
magnification  ratio  in  the  order  of  80-160  |is.  Different 
cylindrical  and  spherical  lenses  have  been  utilized  to 
create  a  light  sheet  with  minimum  thickness  (=  0.5  mm) 
and  therefore  maximum  light  intesity. 

Metal  oxide  particles  (TiO,  and  ZrO^)  with  0.7-l(im 
diameter  have  been  employed  as  seeds  for  the  flow; 
particles  have  been  dispersed  in  ethylic  alcohol  with  5% 
weight  ratio  and  injected  in  the  primary  air  flow  by  an 
atomizer  (TSI-Model  9306)  which  provides  fine  spray  of 
liquid  droplets.  Alcohol  has  been  choosen  for  this 
application  because  it  forms  very  little  droplets, 
avoiding  agglomeration  of  solid  particles  and  thus 
deviation  of  particles  size  in  the  reactant  and  the 
combustion  products  and  generating  seeding  very  similar 
to  those  from  dry  seeders;  its  flow  rate  has  been  set  in 
such  a  way  as  not  to  modify  significantly  chemical 
reactions  occuring  within  the  flame.  The  pictures  shown 
in  this  work  put  in  evidence  how  uniform  and  suitable 
seeding  density  upstream  and  downstream  the  flame  front 
is  obtainable  with  liquid  spray. 

The  interrogation  system  is  based  on  a  Nikon  Coolscan 
LS-lOE,  able  to  scan  a  35  mm  positive  or  negative  B/W 
or  Color  film  with  a  resolution  of  106.5  lines/mm.  The 
driving  software  of  the  Nikon  Coolscan  allows  the 
operator  to  select  only  a  portion  of  the  film  to  be 
scanned,  rejecting  all  the  regions  without  information. 
The  digitized  image  is  post-processed  by  a  home  made 
software  able  to  import  and  to  store  in  the  extended 
memory  of  a  486  IBM  compatible,  and  then  to  display 
on  the  monitor  the  whole  PIV  image.  After  this 
operation  the  software  extracts  a  square  sub-matrix  of 
128x128  pixels  and  perform  an  autocorrelation  on  this 
kernel,  which  therefore  provides  the  digital  dimension  of 
the  spatial  resolution  of  the  processing  technique.  A 
peak  finding  routine  determines  the  pixel  coordinate  of 
the  three  highest  peak  locations,  which  represent  the 
three  most  probable  particle  pair  separation  in  the 


interrogation  cell.  The  corrisponding  velocity  of  the 
first  peak  is  directly  displayed  on  the  monitor,  in  the 
same  position  in  which  the  interrogation  cell  was 
extracted.  The  overlapping  degree  of  the  extracted  sub¬ 
matrix  can  be  selected  by  changing  the  distance  in  pixels 
between  two  consecutive  sub-matrix. 

The  dimensions  of  the  autocorrelation  kernel,  mapped  on 
the  physical  image  by  multiplication  by  the 
magnification  ratio  and  the  scanner  resolution,  provide 
the  size  of  the  interrogation  area.  Autocorrelation 
avarages  all  velocity  vectors  within  this  region.  If 
particle  pairs  are  uniformely  distributed  across  the 
region,  the  velocity  gradient  induced  errors  are 
minimized;  but,  in  case  of  scarse  seeding  (as  in  the  burnt 
gases),  these  errors  may  increase.  In  the  worst  case, 
which  is  unlikely  to  occur,  a  situation  may  arise  in  which 
only  one  particle  pair  is  within  the  region,  and  it  is  at  its 
borders,  as  sketched  in  Fig.l.  In  such  a  case,  the 
resulting  information  regards  only  one  point  in  the  flow 
and  therefore,  if  velocity  gradient  is  high  in  the 
interrogation  area,  induced  errors  increase  considerably. 
After  the  whole  images  has  been  interrogated,  the 
operator  can  select  and  display  the  second  or  the  third 
peak  if  the  first  is  not  consistent  with  the  neighborhood 
velocity  vectors.  All  the  mathematic  operations  and  the 
image  manipulations  have  been  performed  by  means  of 
digital  a  processor  board  PL  2500  (Eighteen  Eight 
Laboratories). 

Due  to  the  dimension  of  the  sub-matrix  (128x128  pixels) 
and  the  precision  (±1  pixel)  in  the  find  peak  routine,  the 
error  in  the  velocity  determination  is  about  1/64  (the 
velocity  information  are  present  only  in  half  of  the 
correlation  domain)  of  the  maximum  measurable  value, 
(i.e.=  1.5  %  F.S.). 


3.  THE  BUNSEN  BURNER  FACn.rrY 

The  Bunsen  burner  facility  here  used  is  schematically 
reported  in  Fig.2.  The  burner,  here  operating  with  LPG  or 
with  CH4,  is  surrounded  by  a  cylindrical  settling  chamber 
(200  mm  diameter,  95  mm  height),  where  primary  air  is 
injected;  the  nozzle  is  a  pipe  of  80  mm  lenght  and  17  mm 
internal  diameter  and  is  connected  to  a  tube  with  the  same 
diameter  and  lenght  of  700  mm. 
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Fig.l  -  Case  with  only  one  particle  pair  in  the 
intorragion  area;  velocity  gradient  induced  error 
increases. 
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Fig.2  -  Scheme  of  the  Bunsen  burner  facility. 

The  air  is  seeded  before  entering  the  chamber  by  means 
of  an  atomizer  and  is  then  completely  mixed  with  fuel 
along  the  pipe.  Seeding  density  is  set  in  the  atomizer  by 
using  six  jets,  which  discharge  particles  in  the  main  air 
flow,  and  therefore  is  proportional  to  air  flow  rate  from 
the  jets. 


4.  MEASUREMENTS  IN  THE  COIJD  NON-REACTING 
FLOW 


mixed  with  the  sorrounding  air.  PIV  measurement  results 
agree  with  this  behaviour  and  the  velocity  vectors 
describe  vortical  structures  exactly;  it  can  be  seen  in  Fig. 
4,  where  the  relative  velocity  field,  resulting  from  an 
ensamble-average  velocity  subtraction,  is  reported. 

The  only  limitation  of  the  system  is  due  to  the  spatial 
resolution,  which  is  a  result  of  both  the  grid  spacing 
(sampling  frequency)  and  the  interrogation  sub-matrix 
size.  The  sampling  frequency  allows  to  resolve  structures 
whose  dimension  is  at  least  twice  the  grid  spacing,  while 
the  average  performed  by  the  autocorrelation  algorithm 
over  the  interrogation  area  may  induce  errors  in  velocity 
gradients  computation. 


5.  MEASUREMENTS  IN  BUNSEN  TURBULENT 
FLAMES 

Many  tests  have  been  performed  in  the  Bunsen 
turbulent  premixed  flame,  at  different  Reynolds  number 
and  in  different  burner  conditions,  in  order  to  verify  the 
applicability  range  of  the  PIV  system.  Here  the  two  more 
significant  cases  are  reported.  In  the  first  one  the  burner, 
supplied  with  CH4,  is  equipped  in  the  same  way  as  shown 
in  Fig.2  and  the  flow  presents  Re  =  3460;  in  the  second, 
the  tube  of  700  mm  lenght  has  been  removed  from  the 
burner  and  therefore  the  flame  came  out  directly  from  the 
nozzle  (80  mm  lenght,  17  mm  internal  diameter)  at  Re  = 
2355  and  does  not  exhibit  a  fully  developed  profile.  In 
this  case  LPG  has  been  used  as  fuel. 

5. 1  Burner  with  the  exit  tube  mounted 


Preliminary  tests  have  been  performed  in  the  cold 
non-reacting  flow  jet  coming  out  from  the  burner,  in 
order  to  test  the  capabilty  of  the  system  to  describe  flows 
with  vortical  structures.  CH^  and  air  flow  rates  were 
respectively  2.78  1/min  and  30.9  1/min  (26  1/min 
primary  air  and  4.9  1/min  secondary  air  from  the  seeding 
jets),  with  an  avarage  flow  speed  of  3.5  m/s  (measured  by 
LDV)  corrispondig  to  a  tube  Reynolds  number  of  3460. 

In  this  case  TiOj  particles  have  been  employed  and  time 
separation  between  the  two  puslses  was  100  |is. 

Figure  3  shows  an  image  of  the  flow  with  the  computed 
velocity  vectors  superimposed. 

The  image  has  a  dimension  of  3134x1326  pixels, 
corresponding  to  a  physical  area  of  55.3x23.4  mm.  A 
grid  of  (55x22)=  1210  vectors  has  been  used,  with  a 
spatial  step  of  0.95  mm.  The  interrogated  sub-matrix  has 
a  physical  size  of  2.26x2.26  mm  and  the  seeding 
density  is  about  20  pairs/mm^. 

The  studied  cold  flow  has  the  typical  behaviour  of  a  free 
jet  formed  when  a  fluid  is  discharged  from  a  nozzle.  At 
the  pipe  exit  the  velocity  profile  presents  a  maximum  in 
the  central  axis,  accordingly  to  the  theoric  parabolic 
shape.  In  the  downstream  direction  the  jet  spreads  out, 
its  velocity  decreases  and  it  becomes  turbulent  and  partly 


In  this  first  case  all  the  parametrs  regarding  the  flow 
and  the  image  acquisition  and  processing  are  the  same  as 
those  descibed  in  Par.4  for  the  cold  flow.  Therefore  the 
CH4  flame  presents  an  equivalence  ratio  (|)  =  1.16  and  a 
tube  Reynolds  number  Re  =  3460.  PIV  parameters  have 
not  been  changed  because  the  interrogation  sub-matrix 
size  is  large  enough  to  ensure  that  the  processing 
software  works  correctly  also  with  particles  with  higher 
velocity  and  acceleration  (e.g.  across  the  flame  front). 
Figure  5  shows  a  typical  result.  The  seeding  density  i  s 
sufficient  for  processing  data  both  upstream  and 
downstream  of  the  flame  front,  showing  that  TiOj 
particles  maintain  sufficient  scattering  cross  section 
also  after  their  passing  through  preheat  and  reacting 
zones.  As  described  in  other  works  (e.g.  Mungal  et  al., 
1994),  the  velocity  vectors  turn  significantly  at  the 
sides  of  the  flame,  because  the  component  normal  to 
front  flame  increases  significantly  for  the  volume 
expansion  associated  with  the  combustion  process, 
while  the  tangential  component  is  conserved. 

In  the  analysed  condition  the  flame  is  near  to  blowout 
with  any  further  increase  in  flow  rate;  it  is  confirmed 
from  the  image,  where  it  is  possible  to  note  that  flame 
angle  is  very  small  and  the  sides  of  the  front  are  almost 
vertical.  This  behaviour  is  due  to  high  flow  speed  with 


3.4.3. 


respect  to  burning  velocity  and  it  is  stressed  in  the  axial 
streamtube,  where  flow  seems  to  “open”  the  cone  in  the 
tip.  In  this  region  volume  expansion  is  the  dominant 
phonomenon  and  it  is  associated  with  heat  release  and 
significant  increase  of  speed.  Further  to  other  research 
works  (e.g.  Mungal  et  al.,  1994),  we  have  found  that 
velocity  turns  and  increases  only  starting  from  the 
preheat  zone,  and  therefore  we  suggest  that  combustion 
does  not  influence  the  unbumed  part  of  the  flow,  which 
seems  to  be  very  similar  to  the  cold  flow  in  Fig.  3. 

It  is  interesting  to  note  that  vectors  divergence  and 
stretching  occurs  outside  the  heavier  seeding  density 
region;  probably  the  reason  is  that  heavier  seeding 
decreases  where  the  preheat  zone  begins  (i.e.  where 
volume  expansion  occurs),  while  vectors  field  strain 
appears  in  correspondance  to  the  effective  reacting  zone. 
Therefore,  it  is  possible  to  measure  approximately  the 
preheat  zone  thickness,  which  in  Fig.  5  is  about  0.9  nun 
at  the  sides  and  2.3  mm  at  the  tip.  We  note  that  this 
result  may  be  affected  by  error  due  to  low  resolution, 
because  interrogation  area  is  larger  than  preheat  zone. 

In  Fig.  6  the  relative  velocity  field,  resulting  from  an 
ensamble-average  velocity  subtraction,  is  reported;  it 
clearly  shows  vortical  structures  generated  from  the 
combustion  process. 

Figures  7-8-9  represent  the  vorticity  (to^  =  6v/5x  - 
Su/6y),  the  dilatation  (Vu  =  5u/8x  +  5v/5y)  and  the  strain 
rate  fields  (S,j,  =  (8u/5y  +  5v/5x)/2)  respectively, 
computed  from  PIV  data.  Dilatation  presents  higher 
values  in  correspondance  to  the  flame  front  and  in  the 
area  past  the  flame  tip,  while  vorticity  and  strain  rate  are 
distributed  more  uniformely,  although  they  also 
evidently  mark  the  reacting  zone.  However,  these  maps 
have  to  be  considered  with  caution,  because  the  limited 
spatial  resolution  does  not  allow  accurate  gradient 
computing. 

In  Fig.  10  another  image  in  the  same  condition  is 
reported,  together  with  the  dilatation  field  (Fig.  11). 
Here  the  flame  appears  more  turbulent:  in  the  central 
streamtube  the  flow  speed  is  so  high  that  combustion  i  s 
not  complete  and  unbumed  reactants  are  presents  also 
outside  the  main  flame  front.  Those  zones  (e.g.  in  the 
left  part  of  the  tip)  are  well  marked  in  the  dilatation  map: 
in  fact  in  their  surronding  air,  combustion  is  still 
occurring  and  therefore  heat  release  and  volume 
expansion  are  presents. 

5.2  Burner  without  the  exit  tube 

In  the  second  test  reported  the  tube  of  700  mm  lenght 
has  been  removed  from  the  burner;  the  flame,  generated 
from  LPG  combustion,  came  out  directly  from  the  nozzle 
(80  mm  lenght,  17  mm  internal  diameter)  and  therefore  it 
is  not  a  jet  exhibiting  a  developed  pipe  flow  profile. 
Figure  12  shows  a  processed  image,  where  avarage  flow 
speed  at  the  exit  is  2.05  m/s  (Re  =  2355)  and  the 
equivalence  ratio  is  (j)  =  1.05  (flow  rates:  18.1  1/min  air. 


0.72  1/min  LPG).  Time  delay  between  pulses  is  choosen 
to  be  70  |is  and  a  grid  of  (55x38)  =  2090  vectors  has 
been  computed,  corrisponding  to  a  physical  area  of 
79.8x55.2  mm,  with  a  grid  spacing  of  1.35  mm  and  an 
interrogation  area  of  3. 2x3.2  mm.  TiO^  particles  have 
been  employed  as  tracers. 

From  a  combustion  point  of  view  Fig.  12  is  rather 
peculiar:  the  cusp  stmcture  of  a  typical  premixed  flame  i  s 
not  observable  and  the  flame  front  results  extremely 
corrugated.  We  think  that  this  behaviuor  occurs  because 
the  flow  is  not  fully-developed  and  therefore  the  velocity 
field  is  different  from  those  of  typical  jets.  Furthermore, 
LPG  and  air  seem  to  be  not  completly  mixed  and  the 
flame  is  heavyly  sooted  since  the  fuel  used  is  LPG. 
Notwithstading  this,  PIV  results  are  satisfactory. 
Looking  the  photogram  by  a  microscope,  it  is  possible 
to  note  that  tracers  are  present  more  or  less  everywhere 
over  the  whole  investigated  area,  with  a  density  of  about 
50  pairs/mm^  upstream  of  the  flame  front.  PIV  vectors 
follow  vortical  structures  in  the  flow,  confirming  that 
combustion  is  occurring  in  a  very  complex  way. 

Vorticity  maps  (here  not  shown)  report  values 
significantly  higher  than  the  first  case  and  more  diffuse 
contours,  but  it  has  to  be  considered  that  here  problems 
due  to  spatial  resolution  are  more  stringent. 

Figure  13  shows  the  velocity  field  computed  by 
avaraging  10  different  images  taken  in  the  same 
condition.  Vorticity  results  concentrated  in  the  axial 
streamtubes,  while  at  the  sides  and  downstream  of  the 
flame  front  the  flow  appears  more  steady  and  regular. 


6.  MEASUREMENTS  IN  A  PREMIXED  CH^ 
COMBUSTOR 

Figure  14  shows  the  combustor  facility  used  to  verify 
applicability  of  PIV  to  large  scale  and  high  turbulent 
combusting  flows.  The  burner,  an  induction  type 
combustor,  is  operated  at  Re  =  19200  and  air  and  gas 
(CH4)  are  mixed  in  a  short  diffuser,  whose  outlet  diameter 
is  60  mm,  at  an  equivalence  ratio  ({)  =  1.4  (flow  rates: 
337.64  1/min  air,  25.33  1/min  gas;  avarage  flow  speed  at 
the  exit:  5.5  m/s).  A  trasparent  quartz  combustion 
chamber  (180  mm  ID,  1000  mm  lenght)  is  installed  for 
optical  access  and  fumes  exit  through  a  chimney.  At  an 
observer  the  flow  appears  highly  turbulent,  with  a  flame 
having  a  lenght  in  order  of  300  mm,  which  develops 
horizontally. 

PIV  images  are  taken  in  an  area  of  179.7x79.5  mm 
(3056x1352  px)  and  interrogated  with  a  step  of  2.58  mm 
(corresponding  to  a  grid  of  (48x18)  =  864  vectors)  and 
with  an  autocorrelation  kernel  of  7.52x7.52  mm.  Time 
pulses  separation  has  been  set  at  140ps  and  ZiO, 
particles  have  been  used  for  seeding,  whose  density  in 
the  photograms  is  about  80  pairs/mm^  upstream  of  the 
flame  front. 
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Figure  15  reports  one  image  with  the  measured  velocity 
field.  The  flow  field  appears  highly  complex  and  not 
symmetric.  Three  dimensional  structures  should  be 
present:  the  disconnected  regions  with  ubumt  gases  may 
be  related  to  fimger-like  3-D  structures  which  cross  the 
measurement  plane  at  different  positions. 

Velocity  vectors  highlight  this  complexity.  Velocity 
magnitude  increases  at  flame  front  and  along  the 
elongated  structure  visible  in  the  upper  part  of  the  flame, 
as  if  stretching  of  such  stmcture  is  occurring.  Although 
the  image  is  complex,  velocity  vectors  appear  correlated 
to  the  image  of  the  flame.  Velocity  gradients  are  large 
and  recirculation  zones  are  present,  although  sign 
ambiguity  of  autocorrelation  may  be  misleading. 
Vorticity  is  high  all  across  the  flow  field  and  the  data 
allow  an  estimate  of  size  of  vortical  structures,  in  the 
order  of  half  exit  pipe  diameter. 

In  those  conditions  measurement  uncertainty  is  rather 
large,  mainly  due  to  gradient  induced  errors,  limited 
spatial  resolution  and  3-D  motions. 

7.  CONCLUSIONS 

In  this  work  the  applicability  of  PfV  measurement 
technique  to  large  scale  and  high  turbulent  flames  has 
been  demonstrated,  both  in  the  unbumed  mixture  and  the 
burned  gases  simultaneously  by  suitably  regulating 
seeding  density.  Main  limit  is  spatial  resolution,  which 
imposes  a  compromise  between  the  dimension  of  the 
flame  to  be  analysed  and  the  maximum  measurable 
velocity  gradient.  In  order  to  overcome  this  problem  it 
should  be  sufficient  to  reduce  the  interrogation  area  for 
images  processing. 

PfV  data  have  been  processed  to  measure  derived 
quantities,  such  as  vorticity,  dilatation  and  strain  rate 
fields,  which  are  suitable  to  describe  flame  stretching.  In 
particular,  according  to  previous  studies,  dilatation 
seems  to  be  the  more  useful  to  mark  the  reacting  zone. 
The  results  obtained  allow  to  think  that  in  the  future  PIV 
will  be  succesfully  applied  to  large  industrial  combustor 
and  then  to  better  understand  important  phenomena  like 
combustion  energy  production  and  pollutant  production 
and  emission. 


8.  ACKNOWLEDGMENTS 

The  authors  would  like  to  acknowledge  ENEA  for 
partly  financing  the  research  here  presented. 

9.  REFERENCES 

Armstrong  N.W.H.,  Shand  A.M.,  Bray  K.N.C.,  Ereaut 
P.R.,  1992,  PIV  applied  to  premixed  turbulent  flames. 
Optical  Meth.  &  Data  Proc.  in  heat  &  Fluid  Flow.  The 
Inst,  of  Mech.  Eng.  London. 


Lewis  G.S.,  Cantwell  B.J.,  Leucona  A.,  1987.  The  use 
of  particle  tracking  to  obtain  planar  velocity 
measurements  in  an  unsteady  laminar  diffusion  flame. 
The  Combustion  Institute  Western  State  Section,  Spring 
Meeting,  Paper  No. 87-35. 

Logan  P.,  Smith  O.,  1989.  Particle  Image  Velocimetry 
in  reacting  flows.  The  Combustion  Institute  Western 
State  Section,  Fall  Meeting,  Paper  No.89-56. 

Mungal  M.G.,  Lourenco  L.M.,  Krothapalli  A.,  1994. 
Instantaneous  Velocity  Measurements  in  Laminar  and 
Turbulent  Premixed  Flames  Using  On-Line  PIV.  Prpc..7th 
Int.  Svmo-  on  Laser  Anem.  in  Fluid  Mechanics.  Lisbon, 
Portugal. 

Nino  E.,  Gajdeczko  B.F.,  Felton  P.G.,  1992.  Two- 
Color  Particle  Image  Velocimetry  Applied  to  a  Single 
Cylinder  Two-Stroke  Engine,  SAE  paper  N.  922309. 

Paone  N.,  1994.  Velocity  Measurements  in  Turbulent 
Premixed  Flames:  Development  of  a  PIV  Measurement 
System  and  Comparison  with  LDV.  Proc.  7th  Int.  Svmp. 
nn  T  .aser  Anem.  in  Fluid  Mechanics.  Lisbon,  Portugal. 

Reuss  D.L.,  Bardsley  M.,  Felton  P.,  Landreth  C., 
Adrian  R.,  1990.  Velocity,  vorticity  and  strain  rate  ahead 
of  a  flame  in  an  engine  using  PIV,  SAE  paper  N.  900053. 

Reuss  D.L.,  Adrian  R.,  Landreth  C.,  1989.  Two 
dimensional  velocity  measurements  in  a  laminar  flame 
using  PIV,  Comb.  Sci.  and  Tech.,  vol.67  pp.  73-83. 


Fig.  3  -  PIV  image  and  velocity  vectors  of  cold  flow  at  Re 
=  3460. 
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Fig.  4  -  Relative  velocity  vectors  computed  from  Fig.  3. 


««  «.  ^  ^  0^  ^  ^  ^  ^ 


Fig.  6  -  Relative  velocity  vectors  computed  from  Fig.  5. 


Ax  =  0.95  mm 
Ay  =  0.95  mm 


— ►  4m/s 


Fig.  5  -  PIV  image  and  velocity  vectors  of  CHj  flame  at 
Re  =  3460  (Bunsen  with  the  exit  tube  mounted). 


Fig.  7  -  Vorticity  computed  from  Fig.  5. 
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Fig.  8  -  Dilatation  computed  from  Fig.  5. 


Fig.  9  -  Strain  rate  computed  from  Fig.  5 


Fig.  10  -  PIV  image  and  velocity  vectors  of  CH4  flame  at  — ►x 

Re  =  3460  (Bunsen  with  the  exit  tube  mounted).  Fig.  11  -  Dilatation  computed  from  Fig.  10. 


Fig.  12  -  PIV  image  and  velocity  vectors  of  LPG  flame  at 
Re  =  2355  (Bunsen  without  the  exit  tube  mounted). 


Fig.  13  -  Velocity  vectors  computed  avaraging  10 
different  images  taken  in  the  same  condition  as  in 
Fig. 12. 
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Fig.  14  -  Scheme  of  the  CHj  premixed  combustor. 
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Fig.  15  -  PIV  image  and  velocity  vectors  of  CH^  flame  at 
Re  =  19200  from  the  premixed  combustor. 
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ABSTRACT 

The  comparison  between  experimental  and  nu¬ 
merical  data  is  an  important  step  in  model  develo¬ 
pment  and  validation.  The  flamelet  models  assume 
that  in  premixed  combustion,  the  flame  is  a  thin  in¬ 
terface  between  fresh  and  burnt  gases.  This  assump¬ 
tion  allows  the  definition  of  geometrical  values  for  the 
flame  surface  topology.  Tomography  measurements 
apphed  on  a  2D-burner  provide  quantitative  values  of 
flame  surface  topology.  The  objective  of  this  work  is 
to  test  and  validate,  by  using  synthetic  front,  the  im¬ 
age  processing  techniques  used  to  extract  flame  sur¬ 
face  density,  normal  vectors  to  the  flame  front  and 
flame  front  curvature.  The  optimum  parameters  of 
this  procedure  and  its  range  of  validity  are  deter¬ 
mined. 

1  INTRODUCTION 

Numerical  simulation  is  now  used  in  many  ap¬ 
phed  systems  deahng  with  turbulent  burning  flows: 
rocket  and  jet  engines,  industrial  furnaces,  Diesel  en¬ 
gines....  One  of  the  major  challenges  in  simulating 
such  flows  is  to  model  the  mean  reaction  rate.  Since 
several  years,  many  different  turbulent  combustion 
models  have  been  derived.  In  aU  cases,  systematic 
comparison  with  experimental  data  is  an  important 
step  in  model  development  and  validation.  Several 
recent  works  on  turbulent  combustion  modehng  are 
based  on  the  flamelet  concept.  In  such  models,  and 
under  the  fast  chemistry  assumption,  the  local  in¬ 
stantaneous  reactive  flow  is  considered  as  a  collec¬ 
tion  of  laminar  flame  elements  [(Marble  &;  Broad- 
well,  1977),  (Bray,  Libby  &;  Moss,  1984),  (Candel  & 
Poinsot,  1990)].  These  flamelets  are  convected  and 
distorted  by  turbulent  motions.  This  approach  is  very 
attractive  because  it  decouples  the  combustion  prob¬ 
lem  from  the  description  of  the  turbulent  flow  field. 


In  some  flamelet  models  a  flame  surface  density  E 
is  introduced  to  relate  global  flow  description  to  local 
flamelet  combustion.  Then,  the  mean  reaction  rate  of 
the  mean  progress  variable  c  may  be  expressed  as  a 
product  of  flame  surface  density  E  and  the  mean  con¬ 
sumption  rate  per  unit  of  flame  area  Wm,  w  =  Wm-^- 
The  chemistry  effects  are  then  described  by  Wm  and 
the  effects  of  the  turbulent  flow  on  the  flame  are  taken 
into  account  through  the  flame  surface  density  E. 

The  flame  surface  density  may  be  obtained  from 
an  algebraic  expression  [(Bray,  Champion  &  Libby, 
1987)]  or  using  a  balance  equation  [(Marble  &:  Broad- 
well,  1977),  (Pope,  1988)].  Recent  theoretical  works 
have  lead  to  an  exact  formulation  for  the  E-equation. 
Splitting  the  velocity  in  Favre  average  and  fluctuation 
u  =  U  +  u",  the  E-equation  may  be  written  [(Trouve 
&:  Poinsot,  1994)]  : 

—  -f  V.UE  -f  V.(«")sE  V.(u;n)sE 
at 

=  {■A.t}s^  +  (<it)sD  -f  (wV .ii)sE 

where  n  is  the  vector  normal  to  the  flame  surface 
pointing  towards  the  fresh  gases,  V.n  the  flame  front 
curvature  positive  when  convex  towards  the  fresh 
gases  and  w  the  local  propagation  speed  of  the  flame 
front.  ()s  denotes  the  average  along  the  flame  surface. 
The  last  three  terms  on  the  left-hand  side  respectively 
represent,  the  convection  by  the  mean  flow,  the  turbu¬ 
lent  diffusion  and  the  flame  propagation.  The  source 
terms  on  the  right-hand  side  correspond  respectively 
to  the  strain  rate  acting  on  the  flame  surface  due  to 
the  mean  flow  field,  turbulent  strain  rate  and  com¬ 
bined  effects  of  flame  curvature  and  propagation.  The 
two  strain  rates  are  given  by  : 

{At)s  =  V.U  -  {nn)s  :  VU 

(ai’)s  =  {V.u"  —  nn  :  Vu")s 
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Unfortunately,  the  E-equation  remains  unclosed  and 
requires  modeling  assumptions  (see  (Duclos,  Vey- 
nante  &  Poinsot,  1993)).  The  purpose  of  our  study 
is  to  obtain  experimental  data  on  premixed  turbulent 
flames  allowing  the  quantitative  analysis  of  flame  sur¬ 
face  density  and  some  terms  of  the  E-equation. 
Measurements  are  based  on  flame  front  visualization 
by  high  speed  tomography.  We  test  here  an  experi¬ 
mental  procedure  to  extract  useful  quantitative  values 
on  flame  surface  topology,  such  as  the  flame  surface 
density  (E),  the  normal  vector  (n)  and  the  curvature 
(V.n),  presented  in  figure  1. 

Section  2  presents  the  experimental  setup  and  the 
diagnostic  techniques.  In  section  3  the  image  pro¬ 
cessing  procedure  and  validation  tests  are  described. 
Finally,  section  4  determinates  the  range  of  validity 
of  the  procedure. 


Figure  1:  definition  of  parameters 


2  EXPERIMENTAL  SETUP  AND  DATA  RE¬ 
DUCTION 

The  burner  used  in  this  study  is  presented  in 
Fig. 2.  A  mixture  of  air  and  propane  at  atmospheric 
pressure  is  injected  into  a  two-dimensional  burner 
through  a  grid  (mesh  size  2  mm).  The  height,  depth 
and  length  of  the  combustion  chamber  are  respec¬ 
tively  50,  80  and  300  mm.  A  V-flame  is  stabilized 
behind  a  small  cylindrical  rod  of  3  mm  diameter  (6% 
blockage  ratio).  The  lateral  walls  are  transparent  ar¬ 
tificial  quartz  windows  allowing  the  visualization  of 
the  whole  chamber.  The  upper  and  lower  walls  are 
made  of  thick  ceramic  material  including  two  narrow 
quartz  windows  permitting  a  laser  sheet  crossing. 

Flame  front  visualization  is  obtained  by  tomog¬ 
raphy.  A  copper  vapor  laser  (Oxford  Inc.,  15  W,  3-30 
kHz,  pulse  duration  40  ns)  is  used  to  create  a  laser 
sheet.  The  laser  beam  is  expanded  through  a  con¬ 
cave  cylindrical  lens  (f=-100  mm)  and  a  spherical  lens 
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(6%  blocage  ratio) 

Figure  2:  the  2D-burner 

(f=500  mm,  D=150  mm).  The  laser  sheet  is  100  mm 
wide  and  1  mm  thick  in  the  burner.  The  laser  is 
synchronized  with  a  high  speed  16  mm  camera  NAG 
E-10  operating  up  to  10  000  frames  per  second.  An 
Ilford  HP5-400  ASA  film  Wcis  used  and  developped 
at  800  ASA.  The  flow  is  seeded  with  oil  droplets  out 
of  an  ultrasonic  atomiser.  The  diameter  of  droplets 
was  found  to  be  lower  than  5  gm  by  previous  PDA 
measurements.  Due  to  their  size,  no  droplet  velocity 
slip  with  the  gaseous  phase  has  to  be  taken  into  ac¬ 
count,  and  it  may  be  assumed  that  droplets  vaporize 
and  burn  rapidely  and  close  to  the  flame  front.  Only 
fresh  gases,  including  droplets,  diffuse  the  laser  hght 
whereas  burnt  gases  appear  as  dark  areas. 

Film  images  are  digitized  with  a  scanner  operating 
at  2500  dpi  (i.e.  100  pts/mm  of  film).  This  resolu¬ 
tion  of  digitizing  is  close  to  the  resolution  of  the  film. 
Images  appear  as  a  set  of  pixels.  Each  pixel  has  a 
value  between  0  and  255,  and  represents  a  surface  of 
(0.1)  X  (0.1)  mm^  in  the  real  geometry.  An  example 
of  digitized  Dame  is  displayed  on  fig.  3. 

The  frames  are  then  binarized:  each  pixel  receives  the 
value  of  the  corresponding  progress  variable  c  that  is 
defined  as  c  =  0  in  the  fresh  gases  and  c  =  1  in 
the  burnt  gases.  The  frames  are  first  used  to  cal¬ 
culate  the  mean  progress  variable  c.  c  is  averaged  at 
each  pixel  upon  all  the  binarized  frames.  As  discussed 
further,  various  schemes  may  be  used  to  extract  the 
flame  front  coordinates  defined  as  the  interface  be¬ 
tween  black  (c  =  0)  and  white  areas  (c  =  1). 

3  IMAGE  PROCESSING  PROCEDURE 
3.1  Binarization 

When  plotting  the  histogram  corresponding  to 
gray-scale  image  of  fig.  3,  two  peaks  appear:  one 
near  0  for  the  “black”  area  (burnt  gztses),  and  the 
other  near  255  for  the  “white”  area  (fresh  gases).  A 
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threshold  is  chosen  between  these  two  peaks.  If  the 
gray-scale  value  of  a  pixel  is  lower  than  the  thresh¬ 
old,  the  corresponding  progress  variable  c  is  set  to  1, 
otherwise,  it  is  set  to  0.  On  binarized  images,  iso¬ 
lated  pixels  are  observed,  either  black  pixels  in  white 
areas,  or  white  pixels  in  black  areas.  This  noise  due 
to  film  resolution  is  removed  using  a  median  filter. 
Fig.  4  presents  the  final  filtered  binarized  image  cor¬ 
responding  to  Fig.  3. 


Figure  3:  a  grayscale  image 


Figure  4:  a  binarized  image 


3.2  Front  coordinates 

For  each  instantaneous  binarized  frame,  the 
flame  front  coordinates  are  determined  considering 
the  interface  between  black  and  white  areas.  Each 
frame  is  studied  by  lines  and  columns.  In  this  case, 
the  interface  is  the  edge  between  two  successive  pixels 
having  a  different  progress  variable  c.  There  are  three 
ways  to  pick  up  the  flame  front  coordinates  relatively 
to  this  interface  (see  Fig.  5) 

•  The  first  way  is  to  take  the  coordinates  of 
the  center  of  the  pixel  that  is  just  before  this 
change.  Therefore,  the  front  is  set  below  and  to 
the  left  of  the  interface  whatever  is  the  order  of 
the  change  (fresh/burnt  or  burnt /fresh  gases). 
Let  us  call  it  the  “first  front” . 


•  the  second  way  is  to  consider  the  coordinates  of 
the  center  of  the  interface,  called  “edge  front” . 

•  The  third  way  consists  in  keeping  the  coordi¬ 
nates  of  the  center  of  the  pixel  which  is  at  the 
interface,  in  the  burnt  gases  (“black  front”). 

It  is  clear  that  the  “edge  front”  is  the  best  one  cor¬ 
responding  to  our  definition  of  the  interface,  but,  as 
shown  in  section  3.4,  it  needs  prohibitive  computa¬ 
tion  times.  The  other  two  methods  considerably  re¬ 
duce  computation  times  but  induce  errors  that  will 
be  discussed  further. 
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Figure  5:  the  deRnition  of  the  three  fronts 


3.3  Smoothing  and  cubic-spline 

The  flame  front  is  now  represented  by  a  set 
of  points.  In  order  to  compute  the  flame  para¬ 
meters  (E,n,V.Ti),  the  curvilinear  abscissa  and  the 
first  and  second  derivatives  of  the  coordinates  of  the 
flame  front  are  required.  They  are  obtained  using  a 
cubic-spline  function.  When  applied  directly  to  the 
flame  front  coordinates,  the  cubic-spline  gives  blur- 
ried  derivatives.  For  these  reasons,  smoothing  is  first 
applied  to  the  front,  and  the  process  stands  in  four 
mean  operations  : 

•  First,  the  front  is  smoothed  using  a  local  cente- 
red-moving-average  on  im  points  to  reduce  the 
sampling  noise.  This  smoothing  may  be  re¬ 
peated  ir  times. 

•  Secondly,  an  approximative  cubic-spline  is  ap¬ 
plied.  It  interpolates  a  C®-function  on  a  set  of 
points,  with  a  smooth  factor  S  limiting  the  val¬ 
ues  of  <7  where  <t  are  the  residuals  at  each  point 
(see  fig.6).  If  S  =  0,  the  spline  is  an  inter- 
polant,  passing  exactly  at  the  specified  points; 
if  S  =  oo  the  spline  is  a  straight  line.  This 
spline  provides  for  each  point  the  front  arc 
length  ds  and  the  first  and  second  derivatives 
leading  to  the  normal  vector  and  the  curvature. 
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abscissa  X 


Figure  6:  definition  of  the  smooth  factor  S 


Figure  7:  the  first  three  images 


•  Then  local  quantities  are  averaged  over  m*m 
pixel  square  boxes.  The  average  are  weighted 
by  the  front  arc  length  ds: 


#  = 


^.ds 

Y2ds 


where  $  is,  for  instance,  the  curvature  or  the 
components  of  the  normal  vector.  This  avera¬ 
ging  procedure  corresponds  exactly  to  the  one 
used  in  the  E-equation.  The  flame  surface  den¬ 
sity  is  computed  as  the  sum  of  the  front  arc 
lengths  in  the  m*m  square  box  divided  by  the 
surface  of  the  box. 

•  Finally,  ensemble  averaged  quantities  are  achie¬ 
ved  by  averaging  over  all  the  instantaneous  pic¬ 
tures. 

In  the  following  section,  are  tested  the  type  of  the 
front  used  (“edge”,  “first”,  “black”),  the  parameters 
of  smoothing  (im,*r),  the  smooth  factor  S  of  the 
spline,  and  the  heigth  of  boxes  that  less  damage  the 
results  (m). 


3.4  Testing  procedure 

Our  image  processing  system  is  tested  using  syn¬ 
thetic  sinusoidal  fronts.  The  test  is  performed  on  T 
images  simulating  the  displacement  of  a  sinusoidal 
function  of  period  T  along  X  axis.  Each  image  con¬ 
tains  a  sinusoid  of  period  T  pixels  shifted  of  one  pixel 
relatively  to  the  previous  one  (see  fig.  7).  The  burnt 
gases  are  located  under  the  front,  and  the  fresh  gases 
are  above  the  front.  The  scanner  procedure  is  simu¬ 
lated  as  follow  :  a  pixel  is  defined  as  black  when  50% 
of  its  surface  lies  below  the  sinusoid.  All  the  other 
pixels  are  white. 

For  any  abscissa  X,  the  average  quantities,  nor¬ 
mal  vector  and  curvature,  depend  only  on  the  Y  co¬ 
ordinate.  These  quantities  are  compared  to  exact 
values.  The  exact  values  are  computed  by  simply 
considering  the  exact  sinusoidal  function  :  f[x)  = 


jT-)  -|-  a. 

Determination  of  the  front.  We  use  40  images  of  a 
sinusoid  of  period  T  and  amplitude  A  equal  to  40, 
centered  on  a=25,  shifted  of  one  pixel  at  each  im¬ 
age.  The  parameters  of  smoothing  are  taken  as 
=  (3,l).The  smooth  factor  is  taken  to  1, 
and  no  box  averaging  is  performed.  On  fig.  8,  the 
three  fronts  (“edge”,  “first”,  “black”)  corresponding 
to  one  image  are  plotted  .  The  “edge”  front  corres¬ 
ponds  exactly  to  the  interface  black/white.  The  other 
two  fronts  are  shifted  half-a-pixel.  The  “black”  front 
tends  to  sharpen  the  front  when  it  is  convex  towards 
the  fresh  gases,  and  to  flatten  the  front  when  it  is 
convex  towards  burnt  gases. 


Figure  8:  comparison  of  the  three  front  extraction 
schemes 

This  results  are  confirmed  when  looking  at  the 
average  normalized  curvature  {pixel~^)  obtained  for 
the  40  images  (Fig.  9). 

At  Y  between  5  and  10  and  Y  between  40  and 
45,  stands  the  top  and  the  bottom  of  the  sinusoid, 
where  the  curvature  reaches  its  maximum  value.  The 
curvature  is  negative  for  low  values  of  Y,  when  the 
front  is  convex  towards  the  burnt  gases,  and  positive 
for  high  values  of  Y,  when  the  front  is  convex  towards 
the  fresh  gases.  The  three  plots  give  the  same  general 
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T=A=40  (lmoy,irep)=(3.1)  5*1  m=1 


Figure  9:  Mean  curvature  plotted  as  a  function 
of  the  transverse  location  Y:  comparison  of  the 
three  front  extraction  schemes 

trend.  The  “black”  front  gives  greater  absolute  values 
than  the  exact  values  at  Y  around  5  and  Y  around 
45.  The  fig.  10  represents  the  first  component  Mi  = 
(ni}s  of  the  average  normal  vector  as  a  function  of  Y. 
Because  of  the  succession  of  oblique  fronts,  and  the 
direction  of  the  normal  vector,  the  average  value  of 
Ml  is  zero  at  any  Y.  The  average  Mi  given  by  the 
“first”  front  is  highly  oscillating  while  the  other  two 
fronts  give  values  close  to  zero,  except  Y  around  5 
and  45.  Consequently,  the  “first”  front  will  be  not 
used. 


T=A=40  (imoy,irep)=(3,1)  S=1  m=1 


Figure  10:  First  component  Mi  of  the  mean  nor¬ 
mal  vector  as  function  of  the  transverse  loca¬ 
tion  Y.  Comparison  of  the  three  front  extraction 
schemes 

Figure  11  shows  the  second  component  M2  = 
(n2)s  of  the  average  normal  vector  to  the  front  as 
a  function  of  the  transverse  coordinate  Y.  Because 
of  the  direction  imposed  to  the  normal  vector,  M2 
is  strictely  positive  at  each  Y.  The  two  fronts  seem 
to  give  similar  results  and  close  to  the  exact  values. 


T=A=40  (imoy.ir©p)=(3.1)  S=sl  m=1 


Figure  11:  Second  component  M2  of  the  mean 
normal  vector  as  function  of  the  transverse  loca¬ 
tion  Y.  Comparison  of  the  three  front  extraction 
schemes 

The  number  of  points  contained  in  the  “edge”  front 
is  generally  twice  the  points  contained  in  the  “black” 
front.  Therefore,  the  CPU  time  needed  for  the  deter¬ 
mination  of  the  “edge”  front  is  about  twice  the  one 
needed  for  the  “black”  front.  In  the  following,  the 
“black”  front  is  retained  for  image  processing. 

Smoothing.  We  consider  40  images  of  a  sinu¬ 
soid  of  period  T  and  amplitude  A  equal  to  40  pixels, 
centered  on  a=25.  The  smooth  factor  is  set  to  S=1 
and  no  box  averaging  is  performed.  Owing  to  the 
symetry  of  the  results,  the  curvature.  Mi  and  M2  are 
from  now  plotted  for  X  between  25  and  50. 


T=A=40  S=1  m=1  (imoy.trep) 


Figure  12:  mean  curvature  plotted  as  function  of 
the  transverse  location  Y.  Effect  of  front  smooth¬ 
ing 

On  Figures  12  and  13  are  plotted  respectively 
the  average  curvature  and  the  second  component  M2 
of  the  average  normal  vector  as  functions  of  the  Y 
coordinate  for  different  parameters  (im  =  3,itr  = 
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T=A=40  S=sl  m*1  (imoy.irep) 


Figure  13:  M2  plotted  as  function  of  the  trans¬ 
verse  location  Y.  Effect  of  front  smoothing 

0,2  and  7).  It  appears  that  the  curve  correspond¬ 
ing  to  no  local  averaging  has  too  much  noise.  There¬ 
fore,  a  local  averaging  is  needed.  As  one  increases  the 
number  of  repetition  of  local  averaging,  the  result  be¬ 
comes  smoother,  but  also  moves  away  from  the  exact 
value.  Similar  observation  can  be  done  with  im  =  5. 
From  now,  the  parameters  (im  =  3,  eV  =  2)  wlU  be 
used. 

Smooth  factor.  For  this  test,  the  smoothing  is  ap¬ 
plied  and  the  boxes  are  still  1x1  pixels.  In  figures 
14,  15  and  16  are  plotted  respectively  the  curvature 
and  the  component  Mi  and  M2  for  different  values 
of  the  smooth  factor  S  as  functions  of  Y.  It  can  be 
observed  that  a  smooth  factor  S  greater  than  0  is 
needed  to  avoid  noise  on  curvature  results.  For  high 
values  of  5  (5  =  7)  the  treatment  induces  too  much 
errors  in  the  results.  A  value  of  S  between  1  and  3 
seems  to  be  satisfactory. 


T=rA=40  m=1  (lmoy.irep)=(3,2) 


Figure  14:  mean  curvature  plotted  as  function  of 
the  transverse  location  Y:  influence  of  the  smooth 
factor 


T=A=40  m=1  (jmoy,irep)=(3,2) 


Figure  15:  Mi  plotted  as  function  of  the  trans¬ 
verse  location  Y:  influence  of  the  smooth  factor 


Ts:A=40  m=1  (lmoy,lrep)=(3.2) 


Figure  16:  M2  plotted  as  function  of  the  tra,ns- 
verse  location  Y:  influence  of  the  smooth  factor 

Box  averaging  .  The  box  averaging  is  useful  to 
attenuate  the  variations  on  curvature  and  normal 
components  induced  by  the  spline  function  or  in  pro¬ 
cessing  of  actual  experimental  data,  but  introduce  a 
numericcd  diffusion.  Their  surface  has  two  limits  as 
it  can  be  seen  on  Figures  17,  18  and  19  :  if  the  boxes 
are  too  small,  a  noise  remains  on  the  averaged  values. 
If  the  boxes  are  too  large,  they  absorb  effective  vari¬ 
ations  of  the  front,  and  induce  a  too  large  diffusion. 
So  the  surface  of  the  boxes  has  to  be  chosen  relatively 
to  the  characteristic  scales  to  be  studied.  Here  if  the 
boxes  are  greater  than  5*5,  the  results  are  really  al¬ 
tered. 


4  RANGE  OF  VALIDITY 

The  important  elements  in  our  measurements 
are  the  flame  surface  density  E,  the  normal  vector 
n,  and  the  curvature  V.n.  Because  it  depends  on  the 
second  derivatives  of  the  front,  the  curvature  is  more 
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T=sA=40  S=1  (imoy.lrep)=(3,2) 


T=A=40  S=1  (lmoyjrep)=(3,2) 


Figure  17:  mean  curvature  plotted  as  function 
of  the  transverse  location  Y:  inSuence  of  the  box 
heigth 


T=A=40  S=1  (imoy.irep)=(3.2) 


Figure  18:  My  plotted  as  function  of  the  trans¬ 
verse  location  Y:  influence  of  the  box  heigth 

sensitive  to  errors.  The  validity  of  the  treatment  is 
now  tested  only  on  the  curvature,  using  images  simu¬ 
lating  a  circle  front.  These  images  simulate  a  pocket 
of  fresh  gases  separated  from  burnt  gases  by  a  circle 
shape  front.  Relatives  errors  on  curvature  are  plot¬ 
ted  as  function  of  the  angle.  The  smooth  is  defined 
by  (im  =  3,  ir  =  2),  and  a  smooth  factor  S  =  1.5. 
The  values  are  computed  with  no  box-averaging. 

The  scale  of  the  variations  of  the  front  treated 
can  induce  some  errors.  Typically,  small  variations 
that  can  stand  in  a  grid  are  not  taken  into  account. 
Hereby,  when  the  radius  has  a  very  small  value,  the 
circle  is  badly  detected  and  an  important  error  oc¬ 
curs.  That  limits  our  range  of  validity  towards  the 
small  values  of  the  radius.  But  large  variations  can 
be  mis-interpreted.  In  our  case,  when  the  angle  has 
the  value  of  -x,  x,  the  circle  becomes  paral¬ 

lel  to  the  direction  of  the  mesh  and  the  front  is  then 


Figure  19:  M2  plotted  as  function  of  the  trans¬ 
verse  location  Y:  inSuence  of  the  box  heigth 

detected  as  a  straight  line.  Obviously,  these  parts  of 
the  front  will  create  the  most  important  errors  on  cur¬ 
vature  and  limit  our  domain  towards  great  values  of 
the  radius.  This  phenomenon  occurs  in  fig  20  where 
the  error  for  two  radii  R=40  and  R=42  is  plotted  as 
function  of  the  angle.  At  0  =  0  and  0  =  x,  the  front 
is  parallel  to  the  transverse  direction  of  the  mesh  and 
the  error  becomes  important.  An  adaptative  mesh 
that  rotates  around  the  flame  in  order  to  avoid  this 
Ctise  would  improve  the  results. 

The  maximum  of  the  relative  errors  on  curva¬ 
ture  are  plotted  for  different  values  of  the  radius  R 
in  Fig.  21.  It  shows  that  the  numerical  treatment 
gives  a  rather  good  accuracy  (relative  error  smaller 
than  25%)  on  curvature,  when  the  radius  is  between 
15  and  40  pixels. 


Figure  20:  Relative  errors  on  curvature  plotted 
as  function  of  the  angle  for  circles  of  radius  R=40 
and  R=42  pixels 
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Figure  21:  maximum  relative  errors  on  curvature 
as  function  of  the  radius  of  the  test  circle 

5  CONCLUSIONS 

Experimental  data  are  now  widely  used  for  mo¬ 
del  development  and  validation.  Tomography  mea¬ 
surements  coupled  with  high  speed  cinematography 
provide  time  resolved  front  visualization.  The  images 
are  then  digitized  using  a  high  resolved  scanner  and 
the  accurate  front  tracking  provides  quantitative  val¬ 
ues  on  the  flame  surface  topology.  The  image  proces¬ 
sing  procedure  detailed  in  this  paper  has  been  ex¬ 
tensively  tested  and  vcdidated  with  synthetic  signals. 
This  procedure  is  now  widely  used  to  extract  flame 
front  characteristics  from  actual  experimental  images. 
Reliable  comparisons  between  experimental  and  theo¬ 
retical  data  are  now  possible  (Veynante,  Piana,  Duc- 
los  &  Martel,  1996). 
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1  INTRODUCTION 

Particle  Image  Velocimetry  (PIV)  allows  the  recording  of  a  complete 
velocity  field  in  a  plane  of  the  flow  within  microseconds.  In  PIV  the 
velocity  vector  field  is  usually  determined  by  subdividing  the 
recordings  of  double  exposed  tracer  particles  into  small  interrogation 
areas  and  employing  correlation  methods  for  evaluation.  The 
correlation  methods  are  widely  used,  as  they  can  easily  be 
implemented  into  fast,  reliable  and  fully  automatic  evaluation 
systems.  Their  theorv  is  well  known  and  described  by  various  authors 
(Adrian  1988,  Keane  &  Adrian  1990,  1992,  Hinsch  1993, 
Westerweel  1993).  The  method  described  in  this  paper  is  based  on 
the  spatial  cross-correlation  of  particle  images  stored  on  separate 
frames  of  each  exposure  as  described  by  Willert  and  Gharib  (1991). 

It  is  expanded  by  the  analysis  of  the  correlation  peak  heights.  The 
correlation  value  depends  on  the  portion  of  paired  particle  images, 
which  itself  depends  on  the  out-of-plane  velocity  com^nent,  but 
also  on  other  parameters  such  as  background  light,  varying  particle 
size  and  number,  loss  of  pairs  due  to  in-plane  motion.  To  avoid 
problems  arising  fi-om  these  other  influences,  images  from  a 
displaced  light  sheet  plane,  parallel  to  the  first,  are  also  recorded  to 
perform  a  second  correlation  for  normalization.  This  concept  is 
referred  to  as  'dual-plane  correlation  technique'  or  'dual-plane  PIV 
(Raffel  et  al.  1995,  1996).  It  has  been  shown  by  the  aforementioned 
authors,  that  the  recording  of  images  of  particles  within  a  parallel 
light  sheet  on  a  third  fiame  provides  a  number  of  advantages; 

(1)  the  influence  of  the  loss  of  image  pairs  due  to  the  in-plane 
velocity  on  the  out-of-plane  velocity  estimation  can  be  reduced  by 
normalization;  (2)  the  directional  ambiguity  of  the  out-of-plane 
velocity  component  can  be  removed;  (3)  a  larger  out-of-plane 
velocity  component  can  be  tolerated  compared  to  conventional  PIV, 
and  (4)  a  higher  signal-to-noise  ratio  for  the  out-of-plane  velocity 
estimation  can  be  achieved.  Progress  in  the  mathematical  formulation 
will  be  described  in  detail  in  this  article.  Equations  will  be  given  for 
the  correlation  peak  height  variance  and  the  out-of-plane  velocity 
component  when  using  Gaussian  laser  beam  profiles.  The  numerical 
implementation  of  the  evaluation  software  will  also  be  descril^d. 
Software  tools  were  implemented  to  perfomi  simple  numerical 
simulations  in  order  to  optimize  the  parameters  for  different 
experimental  arrangements. 

2  MATHEMATICAL  FORMULATION 

In  this  theoretical  approach,  the  correlation  of  two  frames  of  single 
exposed  particle  images  is  analysed.  The  equation  necessary  to 
compute  the  out-of-plane  velocity  component  by  using  two 
correlations  of  three  frames  is  derived  taking  Gaussian  intensity 
profiles  of  the  light  sheets  into  account. 

2.1  Particle  images  location 

Typically,  the  recordings  are  subdivided  into  interrogation  windows, 
also  referred  to  as  interrogation  spots.  The  area  within  one 
interrogation  spot  on  the  first  exposure  is  considered.  The  recording 
consists  of  a  random  distribution  of  N  particle  images.  It 
corresponds  to  the  following  tracer  pattern  inside  the  flow: 


vector  r  =  1 

X2 

,  in  a  3N  -dimensional  space  ;  X-,  = 

Yi 

•  1 

f  describes  the  state  of  the  ensemble  at  a  given  time  t .  X,-  is  the 
position  vector  of  the  particle  i  at  time  t .  Lower  case  letters  refer  to 
the  coordinates  in  the  image  plane  (Figure  1)  such  that 

X  =  is  the  image  position  vector  in  this  plane. 

If  the  image  plane  is  parallel  to  the  light  sheet,  this  position  vector  is 
related  to  the  magnification  factor  M,  such  that: 

Xj  =Xjl  M  and  Y/  -yjl  M  (1) 

if  paraxial  recording  is  assumed.  For  more  details  about  the 
mathematical  description,  see  Westenveel  (1992). 


Fig.  1:  Schematic  representation  of  the  set-up. 

13.  Image  intensity  field 

In  this  section  a  mathematical  representation  of  the  intensity 
distribution  in  the  interrogation  plane  is  given.  It  is  assumed  that  all 
.the  particles  have  the  same  transmissivity  (l>ghl  scattering 
profile)  r(x).  The  transmissivity  of  a  particle  image  located  at  x,-  is 
conveniently  given  by  the  convolution  product  of  r(x)  with  the  Dirac 
delta-function  shifted  at  the  positionx,-: 

/(x-jc,-)  =  t(x)*5(x-x,)  (see  Appendix  Al)  (2) 

Thus,  the  image  intensity  field  of  the  first  exposure  may  be  expressed 
by: 

N 

/l=/(x,f)  =  t(x)*Xlo(ZtMx-x,).  (3) 

1=1 

Iq  (Z)  =  /g  exp(-8Z^  /  AZg  )  is  the  Gaussian  intensity  profile  of  the 
laser  light  sheet,  with  AZo  the  thickness  of  the  light  sheet  measured 
at  the  e~^  points.  The  intensity  profile  could  also  have  a  top  hat 
distribution  of  thickness  AZ„ :  /q(Z)  =  Ig  if  |z]  <  elsewhere). 

The  factor  /o(Z,)  represents  the  amount  of  light  received  by  the 
particle  i  inside  the  flow,  and  located  at  a  position  Z,  from  the 
center  plane  of  the  laser  light  sheet. 


4.1.1. 


N 

Eq.(3)  can  alternatively  be  written  as:  I(x,  T)  =  ^  /g  (Zj  )/(ic  -  x,- )  .(4) 

f  =  l 

This  expression  of  the  image  intensity  field  will  be  extensively  used 
in  the  following  sections. 

23  Statistics  of  the  intensity  field 

Given  a  particular  distribution  f  of  particles  inside  the  flow,  we  first 
concentrate  on  the  mean  value  p  j  and  the  variance  ct  /  of  the 
intensity  as  a  function  of  x,  as  they  are  essential  for  the  digital 
evaluation.  The  main  equations  used  in  the  following  are  taken  from 
Papoulis  (1977)  and  Papouiis  (1991). 

The  spatial  average  is  defined  as  p;  ={/)  =  --  f  Hx)dx ,  where  S 
is  the  area  of  the  interrogation  spot. 

Equation  (4)  yields 

/=! 

\  (  ^ 

thatis:p;=-.  ^/o(Z,)- f  t(x-f,)(ff  . 

^  Vr=l 

Assuming  that  the  particle  image  i  is  effectively  located  inside  the 
area  S,  we  have  : 

since  the  diameter  of  a  particle  image  is  small  compared  to  the  size  of 
the  interrogation  window.  This  assumption  neglects  the  factor 
resulting  from  the  difference  f  /(x)aEc-  f  t{x-Xj)dx.  However  the 

arising  error  is  negligeable:  in  case  of  a  Gaussian  transmissivity  (see 
Appendix  C),  the  amplitude  of  the  error  function  is  less  than  5%  at 
•“2 

the  e  point.  Therefore,  this  approximation  is  commonly  admitted. 
Because 


In  the  following  the  ratio  between  the  standard  deviation  and  the 
mean  value  is  derived.  The  previous  equation  combined  with  Eq.  (6) 
yields: 

(.2  Zfe) 


\\i,)  r  s  y 

[E4(z,.J 

In  case  the  laser  light  sheet  has  a  top  hat  intensity  profile,  we  have  : 
4(Z;)  =  /2.  V/  =  l...)V.Thus  (o//p;)^  =5/7VSj  -1. 

If  the  particle  images  density  is  defined  zs  Ng  =  NS^  /S  (10) 


the  ratio  can  be  further  reduced  to  :  a  /  /  p;  : 


2.4  Cross-correlation  function 

As  already  mentioned  before,  PIV  recordings  are  frequently 
evaluated  locally  by  cross-correlating  the  two  frames.  In  the 
following,  the  mathematical  background  of  this  technique  is 
described. 

A  constant  displacement  D  inside  the  flow  is  assumed  and  corres¬ 
ponds  to  a  constant  displacement  d  within  the  interrogation  spot : 


b  =  \  Dy\  and  d  - 


Tlie  cross  correlation  function  of  two  interrogation  windows  I  ^  and 
1 2  can  be  written  as: 


^t(S)dx  =  i 


(see  Appendix  Cl) 


t  " 

the  mean  intensity  is  given  by  p  /  =  ■  Z  -^0  (-^i ) 

^  /=! 

The  variance  of  the  intensity  may  be  calculated  as  follows: 


with  =  |^/^(x)£ff.  The  derivation  of  /^(x)  will  be  found 

in  Appendix  B: 


N 

1=1 

Hence  (z^)  =  ^.'£li(Z,)y^(x -Xi)cS . 

/=! 

As  before  the  integral  can  be  expressed  as  follows: 


y^(x-Xi)dx=  jt^(x)iE. 

With  Jr^(x)aK  =  rf ,  (see Appendix C2)  (7) 

the  mean  value  of  the  square  of  the  intensity  is: 

/=! 

Finally  we  obtain  the  square  of  the  variance  : 


(8) 

/=!  S  V,  =  l 

Assuming  a  Gaussian  shape  for  the  transmissivity  (see  Appendix  C), 
yields  the  following  relation  between  and  t,  :  /  S^.  5,  is 

the  cross  sectional  area  of  the  particle  images.  Thus  Eq.  (8)  yields: 


=Z4(^)4(4-  +Dz)\‘(z-Xi)t{x+s-Xj  -d)dc  (11) 

ij 

wherein  s  is  the  separation  vector  in  the  correlation  plane.  Assuming 
the  Gaussian  particle  image  transmissivity  t(x)  =  /i:exp(-8|xp  /  ^ ) 
(Appendix  CO)  yields: 

'(^-^/X«+?-5y-^  =  ^^^e3q|^-S(|5-xy+j?+J-xy-^^)/yj. 

Given  two  vectors  5  and  6  ,  it  can  be  shown  that 
+  ja  +  6  j  =  jbj  /  2  +  2^3  +  A  /  2|  .  Hence: 

t(x  -XyX5  +S-Xj-d)- 

^  eqp(-^^  +Xi  -Xj  +(s+Xj-Xj-^l  f  /  4)- 

Consequently  (11)  may  be  rewritten  as  following ; 

Rlj2^X,^=Y.HZi)Io(.Zj+Dz)Qq(r4^s+Xi-xj-3^  /4)- 

y  (12) 

•  |r^(x+(5+Xy-Xy  -5)/2)cS 

By  distinguishing  the  terms  /  =  j  and  i  ^  j  yields  : 

i^,4(?,f,£!)=X«(4%(Zy+Ife)exp(-^?+5/-i;-^^/d2) 

■  Jl^(x+(S -l-X; -Xy -^  /  2)Zc 
W  2 

+Z^o('?)4)(^-  i4)'  +(5 

/=! 

Following  the  decomposition  proposed  by  Adrian  (1988),  we  can 
write; 

(?.f,fl)  =  /Jc(^=f,:D)  +  fJf(?,f,5)  +  /i:23(J,f,D) . 


4.1.2. 


R[)(s^r,D)  is  the  displacement  corrrelation  that  gives  the  image 
displacement.  It  results  from  the  component  of  the  cross-correlation 
function  that  corresponds  to  the  correlation  of  the  panicle  images 
with  their  pair  (;■  =  j  terms); 

1=1 

The  expression  J/^(i+(5 -^)/2>ic  could  further  be  simplified 
according  to  the  assumption  we  already  made  to  obtain  Eq.  (5)  and 
(7).  Hence  it  would  yield  to  f  / .  But  as  the  variable  s  appears  in  this 
integral,  we  will  rather  write  (x +{S -d) ! 2)cix  =t\  -Fiis-d). 
However,  it  has  to  be  kept  in  mind  that  F,  =1 .  As  a  result,  it  can  be 
obtained: 

-2  ^ 

/i£)(?,f,0)  =  /fivexp(-4|s-d|  /d^)Y^Io(Zj)jQ(Zi+D2)  (13) 

/=! 

Hence,  for  a  given  distribution  of  particles  inside  the  flow,  the 
displacement  correlation  peak  reaches  a  maximum  for  s  =  d . 
Therefore,  -  as  a  well  known  result  -  tire  localisation  of  this 
maximum  yields  the  average  in-plane  displacement,  and  thus  the  X 
and  Y  component  of  the  velocity  inside  the  flow.  Furthermore,  it  can 
be  seen  from  Eq.  (13)  that  the  displacement  coirelation  is  a  function 
of  the  At  random  variables  (Z,  ),=i  jv.  Consequently  it  is  a  random 
variable  itself,  for  which  the  expectate  value  and  the  variance  are 
calculated  next  to  obtain  information  about  bias  and  random  enors. 


2.5  Expected  value  of  the  displacement  correlation 
From  (13),  it  follows: 

f  ^ 

F{Rd}  =  EU\  F,  exp(-4|?- J|'  /d^)'^lQ(Zi)lQ{Zi  -rDz)’^,-> 


E{Rp}  =  t\F,e\p(-^^s-d^  / d^)- E\'^Jo(Zj)lQ{Zj  *  Dz) 


1=1 

N 


Defining  yb(Z)  =  /o(Z)/o(Z  +  Dz)  yields; 

-2  f  ^ 

E{Rd)=‘\E’i  exp(^[s  -d\  /  (2/ )  I  - 

N 


.<■=1 


(15) 


We  proof  in  Appendix  D1  that  ^/o(Z/)  !■  =  A' /  AZq  ■  j/o  , 
where  J/q  is  the  integral  J/o(Z)dZ. 


2 

Thus  £{i;z,}  =  ^^-(f/o) ■exp-4 


IM 


(16) 


/=! 


We  have  2^/o(Z/))  =  ^/o" (2/)  X/o(2;)/o(^; )  • 


;'=!  /*y 

The  expected  values  of  these  terms  are  calculated  in  Appendix  D; 


.<=1 


1'’=^ 

Finally  we  obtain; 


2 


txzl 


^-J/o  ■^'^y^-(J/o) 


Thus  tire  variance  of  Rq(^,D)  is: 


This  can  be  further  reduced  to  ; 


h^-N, 


(D2) 

(D3) 

(19) 


e>q3(-SJ-^^/£^)  (20) 


E^{Rd}  ^ 


Finaly,  we  take  the  ratio  of  the  variance  and  the  expected  value. 
Eq.(16)  and  Eq.(20)  yield  : 

*•7-  I JQ  -tjypJ  '  tvq) 

ilMZ)dZ)- 

This  result  has  interresting  aspects  if  a  Gaussian  intensity  profile  for 
the  laser  light  sheet  is  assumed  (see  Appendix  E); 

/o(Z)  =  Iz  exp(-81Zi‘  /  AZo  ) .  Hence: 

,/o(Z)  =  /o(Z)  •  JoiZ^  Dz)  =  lh  exp(-8Z-  /  A^-)  -cpf-SCZ-tZ^)'  /  AZg) 

=  /|  •  ocfii-ADz^  /  A^ )  ■  exp(-16(Z + Dz  /  if 
Using  (A2),  we  may  then  calculate  j/o  and  J/q^  : 

J  /o  (Z)dZ  =  Iz  exp(-4D2^  /  AZp  )  •  AZo-JnJTS , 

j/f  {Z:)dZ  =  Iz  exp(-8Dz2  /  aZ^  ) .  aZq  Vit/32  . 

Hence  (21)  yields : 

-2 


•  (4  / -s/Ix  - 1)  =  0,596  /  A . 


E^{Rd) 


N 


-—512- =  0,772 /^/jV 


(22) 


We  can  rewrite  J/o  =  J/o(Z)/o(Z  -h  Dz)dZ  =  izb2"FQ{Pz) , 

,  r,  J/o(Z)/o(Z+Dz)dZ 

with  /i AZ"  =  I  /o  (Z)dZ ,  and  An  (flz )  =  ^ - - - . 

■*  [lliZW 

F(,(Dz)  is  interpreted  as  the  out-of-plane  loss  of  pairs  (Keane  & 
Adrian  1993).  Finaly,  (16)  yields; 

2  2 

£^o(?.5)}='^^^^^t^0(^z)exp(-4l?-df  Id})  (17) 

2.6  Variance  of  the  displacement  correlation 

The  variance  is  given  by:  c^^(s,D)  =  £{A^}-£^{£d  .  (18) 

For  determination  of£D(f,f,D),  Eq.  (13)  is  used  to  obtain: 

{  N 

4(5,f,D)  =  rfiV^exp(-8lj-d|^  ! d})\ X/o(Z,-)  . 

\i=i 


2.1  Results  of  the  mathematical  formulation 

The  derivation  of  the  formula  for  the  out-of-plane  velocity 
component  w  as  presented  in  literature  (Raffel  et  al.  1995)  was  based 
on  the  assumption  of  a  top-hat  intensity  profil  of  the  light  sheets  in 
out-of-plane  direction.  However,  the  spatial  intensity  profil  of  the 
CW-laser  can  be  approximated  much  better  by  a  Gaussian  curve. 
Therefore,  the  following  equation  for  the  out-of-plane  w  has  been 
derived  by  substituing  a  Gauusian  profile  for  4  in  Eq.(13)  in  order  to 
improve  the  results: 

w  =  a -i-p-ln(££,,  2 /£do,i)  ® 


vith 


a  =  ^ 
2At 


and  p 


’  8A/ 


AZ„ 


Zj  -  2Z,  +  Zo 

l^iQjand  ££),  2  are  the  heights  of  the  cross-correlation  peaks  of 
ames  0  and  1  and  frames  1  and  2  respectively.  Zo,  =  Z,  are  the  light 
leet  positions  during  first  and  third  exposure,  and  Z,  is  the  light 
leet  position  during  second  exposure.  AZo  is  the  light  sheet 
lickness,  and  At  the  pulse  separation  time. 


4.1.3. 


When  using  CW-lasers  with  a  Gaussian  beam  profile  the  problem 
arises  to  define  the  light  sheet  thickness  adequately.  In  theory'  this  is 

usuaiy  done  considering  the  e~~  points.  In  praxis  the  light  slieets 
thickness  is  influenced  by  many  parameters  like  laser  power, 

f-number  of  the  lens,  particle  si2e,  and  others.  Since  a  Gaussian 
intensity  distribution  of  the  light  sheet  yields 

ffl  (2)  =  exp(-4Z^  /  AZo  ) ,  (II) 

for  the  out-of-plane  loss,  the  recording  of  an  image  set  of  particles  at 
rest  can  be  used  to  detemiine  the  light  sheet  thickness  A2o  more 
accurately  by  using  the  following  equation: 


2(2, -2i) 

AZq  =  ■  w  u  .jjj. 

The  basic  equations  of  the  displacement  coaelation  have  been 
derived.  In  contrast  to  other  authors,  who  were  mainly  interested  in 


the  location  of  the  maximum,  our  main  interest  in  this  equation  was 
directly  the  amplitude  of  the  signal.  This  amplitude  is  clearly  a 
function  of  the  number  of  the  effective  number  of  particle  images  N. 
Assuming  a  random  distribution  of  particles  in  the  flow,  random 


variable  theory  has  been  used  to  calculate  the  expected  value  £{££,} 


and  the  variance  o  of  the  displacement  correlation  amplitude.  In 

order  to  analyse  the  random  error  contained  in  the  out-of-plane 
velocity  estimation  given  by  Eq.  (I),  the  correlation  amplitude  can  be 


considered  as  =  E{R^)  +  z  with  £  =  .  It  can  be  shown  by 


substituting  in  Eq.  (1)  that  the  uncertainty  in  the  velocity 
estimation  Aw,  which  is  induced  by  the  finite  number  of  particles  in 
the  measurement  volume  iV  is  Aw  =  |p| -^((1 /(l  +  eg  ]))  and 
therefore  (using  a  first  order  approximation  for  the  logarithm): 


Aw  =  |P1-A((1/^)  +  (1/7^)) 


(IV) 


3  NUMERICAL  IMPLEMENTATION 
3.1  Simulation  software 

The  traditional  dual  image  cross-correlation  method  is  generally 
associated  with  an  in-plane  measurement  uncertainty  but  also  contain 
distortions  due  to  the  perspective  projection  of  the  imaging  lens  and 
the  out-of-plane  velocity  component.  If  planar  flow  is  assumed  this 
measurement  error  can  be  estimated  by  recording  static  (random-dot) 
particle  image  patterns  which  have  been  translated  or  rotated  by 
known  amounts.  This  method  however  is  imsuited  to  assess  the 
performance  of  a  PIV  system  in  three-dimensional  flows  and 
alternative  techniques  are  required.  One  approach  is  to  record  images 
of  known  actual  flow  geometry  as  described  in  section  4.  To  gain  full 
control  over  all  involved  parameters,  numerical  simulations  are 
required.  The  aim  of  these  Monte-Carlo  simulations  is  to  generate 
artificial  particle  images  w'ith  a  known  underlying  flow  field, 
evaluate  them  with  the  existing  analysis  software  and  compare  the 
result  with  the  predicted  values.  Based  on  these  simulations  the 
application  of  the  measurement  technique  to  an  actual'  flow  field  can 
then  be  optimized. 

The  core  of  the  simulations  consists  of  the  generation  of  artificial 
particle  images  within  a  light  sheet.  The  Mie-scattered  light  of  the 
particle  onto  the  rectangular  sensor  array  is  approximated  by  a 
circular  intensity  bell: 

l{x)  =  K  exp(-8|3cp  /  )  with  K  =  - . 

Tuli 

The  center  of  the  particle  image  has  a  peak  intensity  of  Ia(Z)-K,  while 
the  circular  area  of  diameter  dx  centered  at  this  point  contains  95%  of 
the  light  scattered  by  the  particle  (also  known  as  the  diameter). 
The  factor  £1  is  a  function  of  the  scattering  efficiency  of  the  particle 
and  depends  on  the  location  within  the  light  sheet,  which  in  itself  has 
an  intensity  profile  (see  Figure  2).  For  the  simulations  the  laser  light 


sheet  is  assumed  to  have  a  Gaussian  intensity  profile  with  an 
e'^thickness  AZ^: 


/o(Z)  =  /2-exp^-^J 

This  profile  closely  resembles  that  of  the  Argon-ion  laser  beam  used 
in  the  experiment,  but  other  profiles  may  be  imposed  as  well. 

To  generate  a  particle  image,  a  random  number  generator  specifies  a 
location  within  a  three-dimensional  slab  containing  the  light  sheet 
(Fig.  2).  The  peak  intensity  lo  is  then  calculated  based  on  the 
intensity  modulation  given  above.  Using  error  functions  (integral 
formulations  of  the  Gaussian  bell  curve)  the  intensity  distribution  of 
the  scattered  light  is  computed  over  the  discrete  pixels  which  are 
assumed  to  be  square  and  have  an  100%  active  area.  In  the  following 
exposures  the  particle  locations  in  the  three-dimensional  slab  are 
shifted  by  the  imposed  underlying  flow  field,  generally  a  translation. 
For  the  generation  of  the  third  image  frame  the  light  sheet  is  offset  in 
a  parallel  fashion  by  a  known  amount  while  the  ‘particles’  continue 
to  move.  The  placement  of  particles  is  repeated  until  a  desired  image 
density  within  the  frame  is  reached. 

In  order  to  achieve  a  range  of  particle  image  sizes  and  intensities  botli 
tlie  particle  image  diameter  and  scattering  efficiency  4  can  be 
varied  over  a  given  statistical  range.  The  image  generation  process  is 
completed  by  quantizing  the  numerical  image  to  a  desired  image 
depth  (i.e.  number  of  grey  levels)  and  subjecting  it  to  optional 
background  noise,  offset  and  gain  factors. 

In  summary,  a  number  of  variable  parameters  exist  for  the  generation 
of  particle  image  alone: 

•  particle  image  diameter  c/x, 

•  particle  image  scattering  efficiency 

•  image  quantization  levels  (number  of  bits), 

•  seeding  density, 

•  background  noise, 

•  gain  factors, 

•  non-linearities  in  the  quantization  process, 

•  illumination  beam  profile, 

•  perspective  distortion  and  other  effects. 


The  underlying  flow  field  is  associated  with  a  number  of  additional 
parameters  such  as  particle  image  displacement,  spatial  and  temporal 
gradients,  particle  path  curvature  and  lag,  and,  of  course,  three- 
dimensional  effects.  Finally  the  interrogation  parameters  themselves 
enter:  interrogation  window,  spacing  and  offset. 

It  is  obvious  that  the  parameter  domain  is  far  too  complex  to  be 
studied  in  its  completeness,  so  only  selected  parameters  can  be  varied 
in  order  to  assess  the  measurement  errors  in  the  triple  frame  PIV 
method.  The  aim  is  to  generate  particle  images  which  closely  match 
those  obtained  by  digitization  of  video  sig^s  and  concentrate  on 
displacement  fields  with  uniform  (translational)  profiles  in  three 
dimensions. 


Fig.  2:  Three-dimensional  rendition  of  the  particle  image  model 
used  to  generate  artificial  PIV  images. 
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3.2  Evaluation  software 

The  evaluation  of  the  triple  frame  PIV  recordings  was  performed  b\’ 
correlation  analysis,  similar  to  that  described  by  Willen  and  Gharib 
(1991).  This  paper  discusses  the  evaluation  of  two  sequential,  digital 
(video)  PIV  recordings  containing  single-exposed  particle  images  by 
rneanc  of  local  cross-correlations.  By  applying  a  three-point  Gauss  fit 
through  the  correlation  peak,  the  in-plane  displacement  vector  can  be 
reliably  measured  with  sub-pbcel  accuracies  down  to  the  order  of 
0.01  to  0.05  pixels. 

To  adapt  the  dual  image  cross-correlation  software  to  the  triple  image 
configuration  described  herein  several  modifications  were  necessary'. 

In  the  new  arrangement  two  correlation  planes  are  computed  by 
correlating  the  first  image  with  the  second  and  the  second  image  with 
the  third  which  is  displaced  from  the  first  two.  Thus  the  first 
correlation  captures  the  in-plane  particle  motion  while  the  second 
preferentially  recovers  particles  moving  normal  to  the  light  sheet  in 
the  direction  of  its  displacement. 

In  the  typical  formulation  the  cross-correlation  at  a  discrete  point  ? 
is  defined  as  a  sum  of  products  of  the  two  grey  level  functions 

/l(x)and  /2(^)  representing  the  two  interrogation  windows: 

X 

However  to  allow  a  comparison  bettveen  the  two  correlation  planes 
both  need  to  be  normalized  to  form  correlation  coefficient  planes 
with  a  range  from  0  to  1 : 

= 

where  Pi,  pz  are  the  averages  and  Oi,  02  the  corresponding  variances 
of  the  functions  /,(i)  and  hix).  In  effect  the  cross-correlation 
coefficient  function  is  defined  as  the  ratio  of  the  covariances  of  the 
image  data  divided  by  the  product  of  the  respective  standard 
deviations. 

The  location  of  the  highest  correlation  coefficient  from  both  planes  is 
associated  with  the  mean,  in-plane  displacement  vector.  A  second 
correlation  coefficient  is  extracted  from  the  adjacent  correlation  plane 
at  the  corresponding  location  of  the  displacement  vector.  These  two 
correlation  values  are  then  used  to  recover  the  out-of-plane 
displacement  component  by  taking  the  light  sheet  offset  and  intensity 
profile  into  consideration.  In  this  arrangement  only  particles  moving 
in  the  direction  to  the  light  sheet  offset  are  captured.  In  an  alternative 
configuration  the  second  image  is  formed  by  a  light  sheet  displaced 
from  the  first  and  the  third  which  are  at  the  same  location.  In  this 
case  both  directions  of  out-of-plane  flow  can  be  recovered. 

In  terms  of  numerical  implementation  the  cross-correlation 
coefficient  summation  was  implemented  using  two-dimensional  fast 
Fourier  transforms  (FFT*s)  to  significantly  increase  the  evaluation 
speed.  Through  the  use  of  FFT’s,  the  summations  in  the  correlation 
expression  given  above  reduce  to  point-wise,  complex-conjugate 
multiplications  in  the  spatial  frequency  domain.  A  further  processing 
time  reduction  is  achieved  by  ^plying  the  symmetry  properties  for 
Fourier  transforms  of  real  data.  These  properties  allow  two  real  data 
sets  to  be  transformed  to  the  spatial  frequency  domain  using  only  one 
complex-to-complex  FFT.  Other  optimizations  included  function  in¬ 
lining  of  the  platform  independent  C-source  code,  FFT’s  based  on 
lookup  table  us^e,  as  well  as  compiler  specific  optimizations.  On  a 
90  MHz  Pentium  PC  vector  recovery  rates  exceeding  50  Hz  are 
possible  using  a  32  x  32  px  interrogation  window  allowing  an  image 
triplet  to  be  processed  in  less  than  a  minute  (1500  vectors). 

4  APPLICATION  TO  EXPERIMENTAL  DATA 

In  a  first  experiment  small  tracer  particles  of  approximately  j  pm 
diameter,  which  were  randomly  distributed  in  a  transparent  plastic 
block,  have  been  illuminated  by  an  argon-ion  laser  and  recorded  by  a 
standard  CCD  camera.  After  each  redording  the  position  of  the 
particles  has  been  changed  by  20  pm.  In  order  to  compensate  for 
electronic  noise,  the  frame  grabber  used  for  digitization  was 


^-(/l(x)-pi)(/2(j  +  ?)-P2) 


calibrated  in  such  a  manner  that  the  average  intesity  of  a  frame 
recorded  in  a  dark  room  was  zero.  Each  recorded  frame  has  been 
correlated  with  with  the  reference  frame  (light  sheet  position  in  the 
middle  of  the  recorded  range)  after  subdividing  them  into  88 
independend  interrogation  windows  of  64  x  64  pixels.  The 
correlation  peak  height  of  each  interrogation  window  has  been  found 
by  analysing  the  shape  of  non-linear  Gaussian  fitting  through  the 

pixel  of  highest  correlation  intensity  and  its  eight  neighbours.  The 
average  and  the  standard  deviation  of  the  correlation  peak  height  are 
shown  in  Fig.  3.  The  average  values  of  the  peaks  heights  can  be 
interpreted  as  the  experimental  determination  of  the  out-of-plane  loss 
of  correlation,  which  can  be  approximated  by  the  autocorrelation 
function  of  the  light  sheet  intensity  profile.  Assuming  a  Gaussian 
intensity  profile  tlie  autocorrelation  is  also  a  Gaussian  curve  (see  Eq. 

(ID). 


Fig.  3:  Experimentally  determined  loss  of  correlation  due  to  out-of- 
plane  displacement  of  particles. 

In  a  second  experiment  silver  coated  10  pm  glass-spheres  were  added 
to  glycerine,  which  was  filled  in  a  glass  cylinder.  The  particle  motion 
due  to  the  rotation  of  the  cylinder  was  observed  using  a  CCD-video 
camera,  which  recorded  interlaced  images  at  a  frame  rate  of  25  Hz. 
Each  frame  of  752  x  582  px2  was  separated  into  two  fields  where  the 
missing  lines  were  linearly  interpolated.  The  stepper  motor  driven 
cylinder  (diameter  180  mm,  angular  speed;  3.1  rad/s)  was  mounted 
within  a  glycerine  filled  glass  tank,  to  provide  a  plane  liquid-air 
interface.  The  obtained  measurement  results  could  easily  be 
compared  with  the  solid  body  rotatiom  The  particle  motion  contains 
both,  positive  and  negative  out-of-plane  velocity  components. 


4.1  Experimental  setup 

The  main  elements  of  the  experimental  setup  are  shown  in  Figure  2. 
An  argon-ion  laser  produced  a  continuous  beam  of  about  1  Watt 
output  power.  A  chopper  disc  containing  three  slits  was  driven  by  a 
stepper  motor  and  controlled  by  a  high  precision  signal  generator. 
The  rotational  speed  of  the  disc  was  adjusted  to  a  light  pulse 
frequency  which  was  equal  to  the  repetition  rate  of  the  video  camera. 
It  generated  light  pulses  with  a  pulse  length  of  /g  =  4  ms  and  a  pulse 
separation  time  of  A/  =  20  ms.  A  small  glass  plate  was  mounted  on 
the  disc  and  covered  one  of  the  slits  (see  Fig.  4).  By  placing  the 
chopper  disk  at  an  angle,  the  beam  passing  through  the  glass  plate  is 
displaced  sideways  and  thereby  allows  the  generation  of  two 
alternating  parallel  light  sheets. 

A  cylindrical  lens  was  used  to  form  a  light  sheet  height 
approximately  two  times  larger  than  the  height  of  the  observation 
field.  The  position  of  the  light  sheet  location  alternated  after  each 
capture  of  a  field.  Two  subsequent  ftill-frames  containing  two  fields 
each  were  recorded.  Thus  the  first  and  third  field  contain  images  of 
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Fig.  4:  Sketch  of  the  main  components  of  the  rotating  cylinder  setup 
and  the  cameras  used  for  PIV  recording  and  light  sheet 
displacement  measurement. 

tracer  particles  within  the  same  light  sheet  oriented  parallel  to  tlie 
axis  of  the  disc  (recorded  at  tQ  and  t2  =  tQ+2AJ  respectively).  The 
second  field  contains  images  of  tracer  particles  within  a  light  sheet 
slightly  displaced  with  respect  to  both  others  (rec.  at  /;  =  IQ+At). 
The  shift  of  the  light  sheet  was  (Z2  -  Zj)  -  0.5  mm  resulting  in  an 
overlap  of  Or  =  75  %  of  the  light  sheet  thickness  (AZg  =  2  mm). 

4.2  Experimental  results 

In  Fig.  5  the  radial  (u),  axial  (v),  and  azimuthal  (w)  velocity  profiles 
of  the  particle  motion  are  plotted.  The  radial  velocity  component  (u) 
and  the  axial  velocity  component  (v)  are  almost  constant  over  the 
width  of  the  observation  field.  The  radial  velocity  component  was 
greater  than  zero,  since  the  light  sheet  was  located  5mm  out  of  the 
axis  of  rotation.  It  can  be  expected  fi-om  theory,  that  the  azimuthal 
velocity  profile  (w)  of  the  rotating  particles  within  the  cylinder  varies 
linearly  over  the  radius;  a  trend  that  can  also  be  observed  in  the 
present  dual-plane  PIV  measurement.  However,  other  features  such 
as  the  oscillations  of  the  azimuthal  velocity  profile  (w)  can  be 
explained  by  the  variance  of  the  correlation  peaks  for  a  finite  number 
of  particle  images  per  interrogation  spot  as  derived  in  section  2. 


X  [mm] 


Fig.  S:  Radial  (u),  axial  (v),  and  azimuthal  velocity  profile  (w)  of 
the  particles  within  the  rotating  cylinder  along  a  line  of  the 
piv  recording.  The  light  sheet  was  located  5mm  out  of  the 
cylinder  axis  (raw  data  without  smoothing). 


The  analysis  of  the  spatial  averages  has  shown  that  the  oul-of-plane 
velocity  disu-ibution  can  be  determined  if  the  number  of  particle 
images  is  sufficient.  The  equation  necessary  to  consider  a  Gaussian 
light  sheet  intensity  profile  has  been  presented.  The  evaluation 
software  and  the  software  necessary  to  perform  numerical 
simulations  to  get  insight  into  the  optimal  values  for  relevant 
experimental  parameters  has  been  developed.  The  experimental 
results  allow  to  assess  the  performance  of  the  dual-plane  correlation 
technique.  The  presented  evaluation  system  can  now  be  used  to  test 
new  modes  of  operation  which  allow  to  record  images  of  different 
light  sheets  simultaneous.  This  is  assumed  to  decrease  the 
measurement  noise.  It  could  be  experimentally  done  by  quasi 
simultaneous  recording  of  the  second  and  third  frame  by  means  of  a 
high-speed  video  camera  and  a  multi-pulse  laser,  by  coding  the  light 
sheets  by  different  polarisation,  or  by  image  separation  using  a  colour 
video  camera  and  a  colour  coded  light  sheet  as  recently  presented  by 
Brucker  (1996).  However,  first  tests  of  the  recording  of  small  tracer 
particles  in  air  with  a  two-colour  pulse  laser  system  and  colour  film 
already  show,  that  the  focal  plane  for  green  light  can  be  displaced  by 
up  to  20  mm  with  respect  to  the  focal  plane  for  red  light.  Further 
experiments  and  numerical  simulations  are  in  progress. 

6  APPENDIX 

A.  Useful  mathematical  results 

(Al).  For  a  real  funtion  /  of  the  variable  x,  and  a  given  vector  x,-, 
we  have; 

/(x-x,)  =  /(x)»5(x-i,). 

where  •  is  a  convolution  product  and  5  the  Dirac  delta  function. 
(A2).  Given  a  real  number  a ,  we  have  ; 

■KO  -KO  +00 

|exp(-ca:^)<5br  =  Vn  /a  and  |  Jexp(-a|x|^)d5f  =  7r /a  . 


B.  Square  of  the  intensity' 

The  image  density  field  is  given  by  equation  (4): 

N 

/(x,f)  =  X/o(2/)'(^-5,)- 

/=l 

The  determination  of /'^  yields: 

(/(x,f))2  = 

=  Z/^(Z/)t^(x-i,)+  J^k{Zi)lQ{Zj)t{R-Xi^{5i-Xj) 

/=!  /Vy 

Particle  Image  Velocimetry,  in  contrast  to  Laser  Speckle 
Velocimetry,  deals  with  a  lower  source  density.  Therefore,  the 
average  distance  between  the  particle  images  is  larger  than  the 
particle  image  diameter.  The  particle  images  density  defined  in  (10) 
is  such  that  A/5  «1 .  Thus,  the  particle  images  are  isolated  ;  they  do 
not  overlap. 

As  a  result,  we  have  :  'd(i,j)/ i  j ,  t(x -Xj)t(x  -  Xj)  =  0 . 

Hence  the  second  sum  cancel  and  we  have  : 

N 

i=] 

Moreover,  according  to  (Al),  we  may  wTite: 

/^(x-x,-)  =  r^(x)*5(x-x,-).Thus: 

N  N 

(/(x,f))2  =  Y,^i(Zi)r-{x-x^)  =  t2(.v)*;^/2(Z,)5(x  -X;) 

/=!  /=! 


N 

'ZkiZiXx- 


./=! 
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C.  Gaussian  transmissivity 

The  transmissivity  of  the  particle  image  (light  scattering  profile)  is  of 
Gaussian  shape,  as  assumed  by  Adrian  (1992): 

(CO) 
(Cl) 


l{x)  =  /:exp(-8|icp  /  )  with  K  = 

From  (A2),  we  find  ;  ^t(x)cE  =  to 
The  square  of  the  transmissivity  is; 


7id^ 


exp(-I6]xp  /  d^). 


Using  (A2),  we  can  write:  |t^(x)tff  =  -Ttd^ 

Hence  we  obtain  ji^(x)dx^if  =Iq  /  , 

with  Sj  =  nd^  /  4  “area"  of  a  particle  image. 


/16^ 


4fo 

Tid^ 


(C2) 


D.  Some  expected  values 

We  have  defined  /„  (2)  =  /„  (Zj/o  (2-^Dy  )  (equation  (21)). 
Here  we  will  determine 

4Z/0(Z/)1  £|i/o'(Z,)Land  £(z/o(Z,-)/o(Z,.)|. 


U=l 


The  three  sums  must  be  considered  as  fimetions  of  the  random 
variables  Z\,22..-2^ .  A%  the  distribution  of  the  particle  inside  the 
flow  is  assumed  to  be  uniform,  the  probability  density  fiinction  of 
this  N  random  variables  depending  function  is  p  =  /  /  .  Hence; 


/=1 


e\^MZ^)\=  JJ- \YMZ;)AZ-,^dZ,dZr-dZ^ 

/=! 


=  ;^/AZo^'  •  j/o(Z,)^fz,  -W-ldZr-dz^ 
=  NIAZ^-t^r'-\MZ)dZ 


/=! 


E\ZMZi)\  =  NIAZQ\h 


(Dl) 


The  quantity  £|  Y^fo  (Z, )  |  is  calculated  in  a  similar  way.  We  find; 

1  =  1 


£]f;/o2(2,)[  =  Ai/AZo-|/o- 
./=1 


(D2) 


The  last  expected  value  e\  Yfo(Zi)fQ{Z y)  ^  equals: 


i*J 


J 


wy 

1^-N 


■  j  J/o(2i)/o(^)^- 1  [  -K  ■ 


because  the  sum  ^  has  -  N  terms.  Thus  it  results; 

4z/o(Z/)/o(Z;)|  =  ^^^AZo^-\lMZ)dZ)\ 


I'W 


l'>y 


A  "7^ 

AZq 


£]l/0(W0(Z;)[  =  ^^-(J/0)' 


AZo^ 


(D3) 
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ABSTRACT 

To  obtain  the  out-of-plane  velocity  component  in  3-D 
SPIV,  a  method  on  the  basis  of  a  color-coded  light-sheet  and  a 
spatial  correlation  analysis  was  developed  and  applied  for  the 
study  of  vortex  breakdown  in  a  rotating  tube  flow.  Therefore 
two  overlapping  light  sheets  of  different  color  were  recorded 
separately  with  a  color  CCD,  camera.  A  spatial  cross¬ 
correlation  analysis  applied  to  the  images  in  the  overlapping 
planes  allowed  the  determination  of  the  out-of-plane  velocity 
component  from  a  three-point  gaussian  fit  of  the  correlation 
maxima  in  the  third  dimension.  The  principal  accuracy  of  the 
method  was  tested  by  a  numerical  simulation  for  three- 
dimensional  generic  flow  fields.  Using  a  scanning  version  of 
the  color-coded  light-sheet,  experiments  were  carried  out  to 
obtain  the  three-dimensional  time-dependent  velocity  field  in 
the  rotating  tube  flow. 


1.  INTRODUCTION 

Today,  PIV  is  a  well  suited  technique  for  measuring  the 
instantaneous  velocity  field  in  unsteady  and  three-dimensional 
flows.  A  large  number  of  successful  application  of  PIV  have 
now  been  presented  in  the  range  of  low  speed  water  flows 
using  video-technique  up  to  high-speed  supersonic  flows  in 
wind-tunnels  with  high-intensity  puls  lasers  and  photographic 
recording.  However,  classical  PIV  provides  only  the  in-plane 
velocity  field  in  a  single  slice  in  the  flow.  Thus,  the  feasability 
of  quantitative  investigation  of  highly  three-dimensional  flows 
to  obtain  the  volumic  distribution  of  quantities  as,  e.g.,  the 
vorticity  is  still  a  major  subject  of  experimental  research. 

A  practicable  and  now  well  tested  whole-volume  extension 
of  PIV  is  3-D  Scanning-Particle-lmage-Velocimetiy  (SPIV) 
which  uses  a  scanning  light-sheet  that  samples  the  flow  in 
depth  within  a  time  smaller  than  the  characteristic  time  scales 
of  the  flow  (Briicker  1995a).  However,  3-D  SPIV  still  needs 
special  techniques  or  algorithms  to  resolve  not  only  the  2-D 
velocity  field  in  the  depth-sampled  light-sheet  planes  but  also 
the  out-of-plane  velocity  component.  Conventional  3-D  PIV 
methods  like  stereoscopy  or  the  use  of  two  scanning  light- 
sheets  perpendicular  to  each  other  are  well  applicable  for  3-D 


SPIV  (Briicker  1995b)  but  either  a  second  recording  camera 
or  even  additionally  a  second  scanning  device  is  needed.  This 
is  often  unpossible  because  of  the  high  costs  in  High-Speed 
SPIV  using  rotating  drum  cameras  or  high-speed  video 
technique.  In  principle,  the  concept  of  continuity  allows  the 
calculation  of  the  3rd  component  by  integration  of  the 
continuity  equation  over  the  set  of  2-D  velocity  fields  in  the 
parallel  planes.  This  method  has  been  tested  for  synthetic  flow 
fields  by  Robinson  and  Rockwell  (1992)  and  was  applied  by 
Briicker  (1995a)  to  SPIV  measurements  of  the  development  of 
starting  flow  behind  a  cylinder.  Despite  of  the  reliable  results, 
one  limitation  is,  that  this  method  is  only  applicable  for 
incompressible  flows  and  since  the  3rd  component  is  a-priori 
known  at  the  starting  locations  of  integration,  for  example 
with  a  given  symmetry  condition,  boundary  condition  etc. 
Further,  the  accuracy  depends  on  the  relation  of  the  scanning 
width  to  the  smallest  scales  in  depth. 

Unless  using  a  calculation,  just  the  temporal  information  of 
the  particle  images  in  two  and  more  parallel  light-sheet  planes 
can  be  used  for  determination  of  the  out-of-plane 
displacement.  A  dual-plane  3-D  PIV  method  was  proposed  by 
Kimura  and  Kohno  (1991)  and  is  based  on  the  correlation  of 
particle  patterns  moving  through  two  parallel  light-sheet 
planes  which  they  called  „spatio-temporal  correlation".  The 
time-of-flight  of  certain  particle  clusters  is  obtained  by  finding 
the  highest  correlation  peak  over  time  in  subregions  of  the 
simultaneous  recordings  of  two  parallel  planes.  With  the 
known  spacing  between  the  light-sheet  planes  the  out-of-plane 
velocity  component  is  determined  in  addition  to  the  in-plane 
components  (from  the  in-plane  correlation).  Recently  Raffel  et 
al.  (1995a)  presented  a  similar  method  based  on  the 
normalization  of  the  correlation  peak  height  in  a  light-sheet 
which  is  shifted  in  a  second  position  with  the  mean  flow.  A 
theoretical  derivation  of  the  correlation  profile  in  depth 
allowed  the  determination  of  the  out-of-plane  velocity  from 
only  two  correlations  in  three  images. 

When  a  large  set  of  parallel  planes  is  recorded  with  a  high 
temporal  repetition  -  this  is  the  essential  of  SPIV  -  spatial 
correlation  can  be  applied  in  each  plane  using  the  information 
of  the  particle  images  in  the  adjacent  planes  and  the  time- 
information  in  continuous  recording.  Therefore  a  certain 
spacing  of  the  light-sheet  planes ,  according  the  maximum 
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expected  out-of-plane  flow  is  necessaiy  and,  on  the  other 
hand,  the  planes  should  be  recorded  approximately 
simultaneous  with  respect  to  the  time-scales  of  the  flow. 
However,  this  is  already  a  basic  requirement  for  application  of 
SPIV  and  therefore  no  additional  limitation.  Figure  1 
illustrates  possible  correlations  of  particle  images  in  SPIV  not 
only  in  the  same  plane  as  usual  in  conventional  PIV  but  also 
in  forward  and  backward  direction  in  adjacent  planes  of  the 
depth-sampled  volume. 


Figure  1.  Sketch  of  plane-to-plane  correlations  in  adjacent 
planes  for  spatial  correlation  in  3-D  SPIV  (light-sheet  width 
D,  light-sheet  spacing  Az) 

Direct  spatial  correlation  was  implemented  by  Gray  and 
Created  (1994)  for  the  three-dimensional  velocity  evaluation 
of  holographic  PIV  recordings.  Therefore,  they  scanned  the 
reconstructed  hologram  of  the  flow  in  successive  planes  of 
depth  using  a  camera  mounted  on  a  transverse  table  and 
applied  a  3-D  FFT  algorithm  to  the  volumic  staggered  images. 
From  the  result  they  determined  the  peak  position  in  the 
correlation  volume  using  curve  fits  of  the  correlation  values  in 
all  three  directions.  Note,  that  in  principle  SPIV  is  the  on-line 
counterpart  of  the  hologram  scanning  procedure  and  thus  the 
same  algorithms  for  3-D  correlation  are  applicable  assuming 
that  the  scanning  time  is  much  less  than  the  time-scale  of  the 
flow  and  the  light-sheet  spacing  is  sufficiently  small. 


2.  SPATIAL  CORRELATION  METHOD 


For  determination  of  the  out-of-plane  component  the 
information  of  the  local  correlation  profile  in  depth  is  needed. 
Even  the  in-plane  correlation  values  contain  this  information 
by  means  of  the  loss  of  correlation  due  to  the  out-of-plane 
motion.  Correlating  particle  images  with  a  time-separation  in 
the  same  plane  yields  the  following  relation  between  the 
image  cross-correlation  R(r,s)  and  the  loss-of-correlation  due 
to  the  out-of-plane  motion  FJDZ) 


R(r,s)=R(r-DX,s-DY)Fo(,DZ)  (1) 

where  R(r,s)  is  the  image  self-correlation  (for  a  more  detailed 
discussion  see  Westerweel  (1993)  and  Raffel  et  al.  (1995b)). 
The  functional  relationship  of  the  normalized  correlation 
profile  F/DZ)  in  dependence  on  the  out-of-plane  motion  DZ 
is  determined  by  the  light-sheet  intensity  profile  I,(z): 


F,(DZ)  = 


jF(z)-I^iz  +  DZ)-dz 


(2) 


For  example,  in  case  of  a  gaussian  function  IJz),  which  is  a 
good  approximation  for  the  intensity  profile  of  continuous 
wave  lasers  necessary  for  SPIV,  the  correlation  profile  in 
depth  is  a  gaussian  curve,  too.  To  determine  DZ  in  a  single 
plane,  there  is  the  problem  of  directional  ambiguity  and  the 

unknown  image  self  correlation  R(r,s)  from  solely  the  one 
peak  correlation  value.  Using  the  information  of  the  particle 
images  in  two  parallel  light-sheet  planes,  the  direction  of  out- 
of-plane  flow  is  resolved  and  the  displacement  can  be 
determined  from  two  (Raffel  et  al.  1995)  or  more  correlations 
(see  Kimura  and  Kohno  (1991).  In  two  parallel  planes  with  a 
spacing  of  Az  equation  (1)  becomes 

R|^.(r,s)  =  R(r  -  DX,s- DY)  ■  Fo(DZ- Az)  (3) 


With  the  assumption  that  the  image  self  correlation  remains 
approximately  constant  during  the  recording  time  -  this  means 
that  there  are  no  remarkable  unsteady  velocity  gradients  in 
that  period  -  Raffel  et  al.  were  able  to  eliminate  the  unknown 
image  self-correlation  by  peak  normalization  using  eq.  (1)  and 
(3)  with  two  correlations  in  a  light-sheet  shifted  with  the  mean 
flow.  In  fact,  a  constant  image  self  correlation  yields  analogue 
correlation  profiles  for  spatio-temporal  correlation  and  spatial 
correlation  where  the  maximum  position  of  correlation  is 
shifted  with  the  out-of-plane  displacement  which  is  illustrated 
in  figure  2. 


gaussian  intensity  distribution  of  the  light-sheet  in  depth;  left: 
spatio-temporal  correlation  between  two  parallel  light-sheets 
over  time;  right:  spatial  correlation  in  multiple  planes  by 
plane-to-plane  correlation 

To  obtain  an  analytical  solution  for  DZ  from  only  two 
correlation  values  Raffel  et  al.  used  the  approximation  of  a 
top-hat  intensity  profile  of  the  light-sheet  in  depth.  In 
comparison,  SPIV  with  multiple  planar  images  provides  more 
than  two  independent  correlation  values  in  comparison  to 
dual-plane  PIV  which  enables  improved  detection  of  the 
maximum  correlation  location  in  depth.  Similaiy,  spatio- 
temporal  correlation  with  a  high  temporal  sampling  rate  yields 
a  more  detailed  resolution  of  the  correlation  profile.  For  a 
gaussian  profile  we  can  use  a  curve  fit  of  the  obtained  spatial 
correlation  values  to  determine  the  maximum  correlation 
position  in  depth  wherefore  we  need  at  least  three  independent 
correlation  values,  see  Briicker  (1996).  This  is  similar  as  done 
by  Gray  and  Greated  (1994)  in  their  3-D  FFT  results  for 
holographic  PIV.  They  could  show,  that  a  three-point  curve  fit 
of  the  local  correlation  values  in  depth  to  determine  the 
maximum  position  improves  the  accuracy  of  the  third 
component  essential.  These  values  can  be  obtained  in  SPIV 
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from  correlating  particle  images  in  adjacent  planes,  see  figure 
1.  In  addition  to  the  in-plane  correlations  we  obtain  the  spatial 
correlation  in  forward  and  backward  direction  in  depth 
approximately  over  the  same  time-span.  To  have  correlating 
particle  images  in  both  directions  the  light-sheet  planes  should 
have  an  overlap  and  the  light-sheet  thickness  should  be 
adjusted  so  that  the  maximum  out-of-plane  displacement  DZ 
is  less  than  half  of  the  overlap  region.  Then,  with  the  spacing 
Az  of  the  light-sheet  planes  one  obtains 


A  possible  solution  which  makes  the  application  of  spatial 
correlation  independent  from  the  scanning  width  chosen  is  using 
a  scanning  light-sheet  system  with  a  color  coded  light-sheet 
which  consists  of  two  overlapping  sheets  of  discernible  colors  as 
shown  in  figure  4  (Brucker  1996).  Simultaneous  recording  using 
a  color  CCD  camera  and  color  splitting  allowed  the  application 
of  spatial  correlation  in  each  light-sheet  plane  to  obtain  the  third 
component. 

overlapping  light  sheets 


Figure  3:  Correlation  profile  in  case  of  two  overlapping  light- 
sheets  with  forward  and  backward  correlation  and  an  out-of¬ 
plane  displacement  of  60%  of  the  light-sheet  spacing  - 

Now,  the  gaussian  profile  of  the  correlation  function  in 
depth,  shifted  to  the  center  about  the  out-of-plane 
displacement  DZ,  can  be  determined  from  the  three  correlation 
values  /?,„  /?„  and  with  a  three-point  gaussian  fit.  Then, 
the  out-of-plane  displacement  results  fi’om  the  maximum 
position  to": 


I0g(f?12)-l0g(fi2l) 


Az 

fsy  _  _ _ _ 

2  log(/?i2)-2-log(f?„)  +  log(/?2i) 


(5) 


calculation  of  two  additional  cross-correlations  of  the 
interrogation  windows  Win-z^;t^  ®  'Win-z^;t^  and  Win-z^;t^  ® 
Win-z^;U.  With  the  assumption  that  the  maximum  out-of-plane 
displacement  over  the  time  separation  between  the  recorded 
images  is  less  than  half  of  the  overlap  OV  we  can  expect  that 
the  maximum  of  the  three  peak  correlation  values  results  from 
the  in-plane  cross-correlation,  say  at  the  location  (x,y)l„„.  The 
information  of  the  forward  and  backward  correlation  result  is 
only  necessary  at  the  same  in-plane  location  (x,y)l„„.  This 
allows  to  use  an  efficient  algorithm  for  the  forward  and 
backward  correlation  because  only  one  single  correlation 
value  has  to  be  calculated  at  the  previous  determined  location 


The  assumption  of  a  constant  self-correlation  R  in  the  three 
correlations  obtained  for  different  moments  is  only  valid  in 
first  approximation  for  very  short  time-intervals  which  is 
fulfilled  in  SPIV  with  a  high  scanning  frequency  in 
comparison  to  the  characteristic  time  scale  of  the  flow.  In 
praxis,  SPIV  has  a  bottleneck  as  discussed  in  Brucker  (1995a) 
which  is  based  on  the  mutual  dependence  of  the  total  number 
of  planes  and  the  given  temporal  sampling  frequency 
condition.  Therefore  sometimes  a  compromise  has  to  be 
chosen  unfavourable  for  the  choice  of  a  small  scanning  width. 
This  may  disable  the  application  of  the  spatial  correlation 
method  for  determination  of  the  out-of-plane  component. 


‘  The  maximum  of  both  correlation  values  and  R^  in  eq. 
(5)  gives  a  higher  accuracy  in  the  simulation 


3.  SIMULATION  OF  THE  SPATIAL  CORRELATION 
METHOD 

The  simulations  were  performed  with  synthetic  generated 
particle  images  in  overlapping  planes  with  variation  of  the 
overlap  OV  and  the  out-of-plane  velocity  DZ  using  similar 
conditions  as  in  the  study  of  Raffel  et.  al  (1995b).  Randomly 
located  particles  were  generated  in  a  768x768x512  voxel  area 
with  a  density  of  16  particles  in  subregions  of  32x32x32 
voxels.  The  particles  were  moved  in  space  according  to  given 
generic  flow  fields.  Assuming  a  gaussian  intensity  distribution 
of  the  particle’s  image  with  an  e'  width  of  1.2  pixels  and 
parallel  projection  on  the  image  plane  the  pixel  values  were 
obtained  by  integrating  the  two-dimensional  gaussian 
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intensity  distribution  over  the  pixel  area.  A  gaussian  light- 
sheet  intensity  profile  was  chosen  with  an  e'  width  of  16  pixel 
units.  The  images  were  interrogated  in  32x32  subimages  with 
an  overlap  of  50%.  The  cross-correlations  were  normalized  by 
subtraction  of  the  mean  values  of  the  interrogation  windows 
and  by  division  by  the  autocorrelation  peaks.  As  an  example, 
figure  5  shows  the  particle  images  in  the  interrogation 
windows  and  the  correlation  fit  of  the  peak  values. 


maximum  correlation  is  not  longer  R„  and,  for  example  in 
forward  flow,  there  are  no  longer  correlating  particles  in  the 
backward  correlation.  This  is  by  definition  outside  of  the  valid 
range  for  the  gaussian  curve  fit.  A  comparison  of  the  errors 
for  the  gaussian  fit  in  the  valid  range  with  calculated  values 
using  the  equation  (20)  given  in  Raffel  et.  al  (1996)  with  a 
top-hat  approximation  is  shown  in  Figure  7. 


Figure  5.  Left:  simulated  particle  images  in  the  window 
arrangement  according  to  figure  4  when  viewing  from  right 
(,OV=50%,  D2^+0.5*OV)-,  right:  Three-point  gaussian  fit  in 
depth  using  the  values  of  max(R„,Rjj)  and  at  the 

location  (x,y)l^ 

First  a  parameter  study  similar  to  that  of  Raffel  et  al.  was 
carried  out  which  included  variation  of  the  overlap  OV  firom 
10%  to  60%  (in  steps  of  10%  )  and  variation  of  the  relative 
out-of-plane  displacement  Z)2XD  from  10%  to  50%  (in  steps  of 
5%).  We  found  that  the  most  effective  overlap  value  with  the 
optimum  combination  of  minimum  error  and  maximum 
dynamic  range  is  50%. 


Figure  6:  rms-error  in  simulation  for  different  displacements 
and  different  overlaps 

For  an  overlap  value  greater  than  50%  the  error  increases 
because  of  the  increased  assimilation  of  the  correlation  values 
and  thus  a  broadening  of  the  gaussian  function.  On  the  other 
hand,  for  a  small  overlap  the  uncertainty  of  one  of  the 
correlation  values  is  over-influencing  the  general  result.  In 
conclusion  the  gaussian  analysis  in  the  third  dimension  gives 
results  of  less  than  0.05  units  of  the  light-sheet  thickness  for  a 
given  overlap  of  50%  which  is  shown  by  the  simulation.  Note, 
that  the  error  increases  if  the  out-of-plane  displacement 
exceeds  the  value  of  50%  of  the  overlap  region.  Then  the 
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Figure  7:  comparison  of  errors  of  spatial  correlation  results 
for  gaussian  fit  and  top-hat  approximation  for  the  optimum 
overlap  condition  and  a  maximum  displacement  of  0.5  OV 


One  can  see,  that  the  gaussian  fit  according  to  the  correlation 
profile  in  depth  increases  the  accuracy  significantly  in 
comparison  to  the  top-hat  approximation. 


Figure  8:  Comparison  of  surface  corresponding  to  magnitude 
of  out-of-plane  component  w  evaluated  in  4  planes;  left:  exact 
solution  of  a  Hill  vortex;  right:  results  of  spatial  correlation 


To  simulate  the  spatial  correlation  method  for  application 
in  SPIV,  in  a  second  simulation  the  volumic  flow  field  of  a 
Hill-type  vortex  (Radius  /?=175  pixel  units,  w„=250  pixel 
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units/s)  was  generated  and  the  particles  (particle  number 
density  of  15  in  a  voxel  of  32x32x32  pixel')  were  moved  in  a 
previous  defined  volume  of  4/?x4f?x2.6/J  according  to  the 
analytically  given  velocity  field  (compare  also  the  simulation 
by  Robinson  and  Rockwell  1992).  Ten  sets  of  color-coded 
light-sheets  perpendicular  to  the  mean  flow  (gaussian  intensity 
profile,  £>=32  pixel  units,  01^=50%)  were  placed  with  an 
equal  spacing  of  0.4R  along  the  z-axis.  Spatial  couelation  was 
carried  out  in  subregions  of  32x32  pixel^  with  an  in-plane 
overlap  of  50%  to  obtain  the  three-dimensional  velocity  field 
of  the  Hill-type  vortex.  Figure  8  shows  the  out-of-plane 
velocity  field  in  4  selected  planes  and  Figure  9  displays  on  the 
top  the  three-dimensional  reconstructed  streamlines  as  well  as 
an  isosurface  of  the  total  amount  of  vorticity. 


Figure  9:  3-D  reconstruction  of  Hill-type  vortex  from  SPIV 
simulation  with  10  color-coded  light-sheets  (OV=50%,  £>=32 
pixel  units,  w„=250  pixel  units/s)  Top:  reconstructed 
streamlines  and  isosurface  of  vorticity;  bottom:  regions  of 
discontinuity  with  values  larger  than  1/10  of  the  maximum 
vorticity 

Comparison  of  the  results  to  the  actual  velocity  values  gave  a 
volumic  averaged  RMS  error  of  16%  of  the  out-of-plane 


component  (related  to  the  axial  velocity  w„).  Note,  that  the  in¬ 
plane  displacement  in  the  radial  planes  through  the  Hill  vortex 
is  lower  than  one  pixel  unit  (the  in-plane  components  are 
determined  only  from  subpixel  analysis  around  zero  value) 
and  thus  comparable  relative  errors  were  found  for  all  three 
components.  Although  large  individual  errors  of  up  to  30% 
are  present  in  the  results,  the  SPIV  simulation  provides  a  good 
presentation  of  the  flow  field.  As  already  noted  by  Robinson 
and  Rockwell,  an  average  RMS  error  of  15%  is  high,  but  the 
distribution  of  these  errors  within  the  reconstruction  domain 
can  give  acceptable  overall  image  of  the  flow  strucUire.  The 
regions  of  discontinuity  on  the  bottom  in  figure  7  give  a  hint 
on  the  distribution  of  the  errors. 


4.  EXPERIMENTAL  APPLICATION 

The  described  color-coded  light-sheet  method  was  used  for 
the  study  of  the  three-dimensional  and  unsteady  velocity  field 
in  the  breakdown  region  of  an  axially  rotating  tube  flow.  The 
set-up  is  shown  in  figure  10. 


motor 


Figure  10:  Experimental  set-up  with  a  rotating  tube  for  study 
of  vortex  breakdown  with  3-D  SPIV  in  radial  slices 

For  application  of  SPIV  using  a  scanning  dual-color  light- 
sheet  one  needs  a  controllable  stepwise  parallel  shift  of  the 
light-sheet  system  over  a  certain  number  of  planes  with  exact 
repetition  from  scan  to  scan.  This  is  obtained  with  a 
continuous  rotating  multifacet  drum  scanner  (Briicker  1995c), 
see  figure  11.  The  scaiuiing  drum  consists  of  twenty  45° 
mirrors  mounted  in  key-slots  at  the  faces  of  the  polygon 
(every  two  adjacent  mirrors  are  arranged  at  the  same  position). 


maximum  scanning  width 
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Figure  12:  Space-time  diagram  of  the  scanning  with  a  color 
coded  light  sheet  and  possible  spatial  correlations  (shown  here 
only  for  two  light-sheet  positions) 

Figure  12  illustrates  the  space-time  diagram  of  the  scanning 
with  the  color-coded  light-sheet.  The  laser  beam  of  a  5  Watt 
multi-line  Argon-Ion  laser  is  splitted  in  its  single  wavelengths 
(512  nm,  488  nm)  using  dichroic  plates  to  produce 
overlapping  light-sheets  (thickness  5mm  and  50%  overlap)  of 
blue  and  green  color.  Using  the  scanning  drum  we  recorded 

10  successive  radial  planes 
with  a  scanning  frequency 
of  2.5Hz  along  the  axis  of 
the  tube  in  the  region  of  the 
diffiisor. 

The  images  were  recorded 
on  two  separate  S-VHS 
recorder  using  the  RGB 
output  of  a  three-chip  color 
CCD  camera  supplied  with 
a  color  splitter  and  color 
filters  (JVC  KY17).  The 
digitized  images  of  the 
radial  slices  (Imaging 
Technology,  768x512 
pixel)  were  processed  by 
the  spatial  correlation  in 
64x64  subimages  with  a 
window  overlap  of  75%. 
Figure  13  shows  the 
correlation  results  for 
evaluation  of  the  out-of¬ 
plane  displacement  at  one 
interrogation  location  in 
the  images. 

Figure  13.  Correlation  results  for  the  backward,  in-plane  and 
forward  correlation  at  one  exemplary  interrogation  location 

Figure  14  displays  the  reconstructed  out-of-plane  component 
in  4  planes  which  cover  the  breakdown  bubble  with  an  inner 
backflow  region.  A  three-dimensional  reconstruction  of  the 
streamlines  including  the  surface  of  zero  axial  velocity  are 
shown  in  Figure  15  which  demonstrate  a  conical  bubble-type 
breakdown  form. 


plan«  number  06 


Figure  14:  In-plane  velocity  field  and  surface  presentation  of 
the  magnitude  of  out-of-plane  velocity  in  4  planes  through  the 
breakdown  bubble  (w^=50mm/s,Re=4000,  Ro=G.5). 


Figure  15:  Three-dimensional  reconstruction  of  streamlines 
md  a  surface  of  zero  axial  velocity  for  vortex  breakdown  in  a 
rotating  tube  flow 
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5.  CONCLUSION 

The  results  show  the  feasibility  of  spatial  correlation  in 
multi-planar  particle  images  as  obtained  from  Scanning 
Particle-Image-Velocimetry.  Plane-to-plane  correlation  of 
particle  images  in  adjacent  planes  yields  in  addition  to  the  in¬ 
plane  correlation  forward  and  backward  correlation  values  in 
depth.  This  offers  to  use  a  three-point  gaussian  fit  in  depth  for 
determination  of  the  out-of-plane  motion.  The  gaussian  fit 
takes  into  account  the  general  gaussian  intensity  profile  of  the 
light-sheet  for  continuous  wave  lasers  useful  in  SPIV  and  the 
therefore  gaussian  profile  of  the  correlation  in  depth.  To  be 
independent  from  the  spacing  of  the  light-sheet  planes  chosen 
in  SPIV,  also  a  color-coded  light-sheet  system  is  feasible  for 
determination  of  the  out-of-plane  component  in  3-D  SPIV. 
This  method  using  overlapping  light-sheets  of  different  color 
cdlows  simultaneous  recording  of  both  planes  on  separate 
image  planes  using  standard  optical  color  separation.  Hence,  it 
enables  to  determine  four  spatial  correlation  values  for  the 
time-span  of  two  successive  exposures  in  each  light-sheet 
plane.  In  principle,  the  accuracy  can  be  further  increased  using 
a  third  simultaneous  light-sheet  with  a  separable  color. 

From  a  simulation,  the  RMS  error  was  found  less  than  2% 
related  to  the  light-sheet  thickness  in  the  valid  range  of  out-of¬ 
plane  displacement  of  less  than  50%  of  the  overlap  region. 
The  reason  for  this  limit  of  the  valid  range  is  that  we  need 
correlating  particle  images  in  forward  and  backward 
correlation  as  well  which  restricts  the  out-of-plane 
displacement  which  can  be  obtained  in  positive  and  negative 
direction.  The  optimum  value  of  overlap  with  respect  to  the 
accuracy  and  available  dynamic  range  was  found  to 
Oy=50%.Due  to  the  chosen  conditions  of  overlap  and  light- 
sheet  thickness  with  respect  to  the  maximum  out-of-plane 
flow,  the  absolute  maximum  correlation  value  is  found  in¬ 
plane  and  its  location  determines  the  location  where  the 
spatial  correlation  has  to  be  calculated.  This  allows  to  use  fast 
correlation  algorithms  for  determination  of  the  spatial 
correlation  values  at  these  single  locations. 

The  easy  handling  of  the  color-coded  light-sheet  method 
could  be  seen  in  the  application  for  3-D  Scanning  PIV  where 
the  overlapping  beams  were  scanned  through  the  volume. 
With  the  described  spatial  correlation  method,  reliable  results 
were  obtained  in  the  simulation  and  the  experiment  of  vortex 
breakdown  in  a  rotating  mbe  as  well.  In  future  smdies,  High- 
Speed  video-technique  will  be  used  for  recording  in  SPIV 
which  allows  to  increase  drastically  the  sampling  frequency 
and  the  number  of  planes.  This  also  opens  the  door  for  studies 
at  higher  Reynolds-numbers  which  were  limited  until  now  at 
order  of  Re=1000  due  to  the  conventional  video-technique 
used.  To  improve  the  spatial  correlation  results  in  3-D  SPIV, 
we  intend  to  use  the  continuity  equation  for  post-processing  of 
the  data.  Because  we  obtain  the  complete  velocity  field  in  the 
scanned  volume  over  time,  equations  can  be  derived  on  the 
basis  of  continuity  to  minimize  the  errors  in  the  obtained 
velocity  components.  In  conclusion,  3-D  SPIV  is  a  technique 
comparable  to  tomographic  LIF  (see  Merkel  et  al.  or  Su  & 
Dahm  in  this  volume)  but  on  the  basis  of  correlating  particle 


images.  Therefore,  well  known  processing  algorithms  can  be 
used. 
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Abstract 

A  hybrid  holographic  particle  image 
velocimetry  system  has  been  developed  and 
implemented  while  studying  fully  developed 
turbulent  flow  in  a  rectangular  channel.  The 
system  combines  the  advantages  of  both  in¬ 
line  and  off-axis  holography  without  having 
their  drawbacks.  It  improves  the  signal  to 
noise  ratio  of  the  reconstructed  images,  allows 
use  of  3  -  15  pm  particles  in  water  at  high 
density,  and  achieves  large  dynamic  ranges 
both  in  velocity  and  space.  An  automated 
image  acquisition  system  and  correlation  based 
software  are  used  for  analyzing  data.  In  a 
sample  volume  of  47  X  47  X  42  mm^  the  data 
consist  of  97  X  97  X  87  vectors.  The  success 
rate  exceeds  80%  of  the  total  sample  points. 
Sample  results  are  provided. 


1.  INTRODUCTION 

Holographic  particle  image  velocimetry 
(HPIV)  is  a  natural  extension  of  the  two 
dimensional  particle  image  velocimetry  (PIV) 
and  it  is  based  on  the  same  principles.  When 
double  exposure  images  of  a  flow  field  seeded 
with  small  particles  are  recorded,  the  local 
velocities  are  determined  by  measuring  the 
displacements  of  the  particles.  The  advantages 
of  HPIV  over  PIV  is  that  it  records  data  in  a 


three  dimensional  (3-D)  space  and  thus 
renders  3-D  velocity  distributions.  Barnhart  & 
et  al.  (1994),  Hussain  &  et  al,  (1994)  and 
other  authors  had  reported  successful  3-D 
flow  measurements  using  HPIV  systems 
developed  in  their  labs. 

The  two  common  optical  arrangements 
in  HPIV  are  in-line  and  off-axis  holography. 
An  m-hne  scheme  uses  a  single  beam  for  both 
subject  illumination  (forward  scattering)  and  a 
reference,  which  makes  this  approach  simple 
to  implement.  However  the  reconstructed 
images  are  subject  to  speckle  noise,  mostly 
due  to  the  overlap  of  the  reference  beam,  real 
and  virtual  images  (Collier  &  et  a/.,1971).  In 
addition,  the  particle  population  in  in-line 
holography  is  relatively  low  because  the 
reference  beam,  which  must  maintain  its 
coherence,  passes  through  the  interrogation 
volume.  With  increasing  particle  density  the 
reference  beam  quality  deteriorates.  An  off- 
axis  holography  system  employs  a  separate 
reference  beam.  With  proper  design  it 
eliminates  the  overlap  of  the  reference  and  the 
two  images  and  hence  reduces  the  speckle 
noise  substantially.  The  separate  reference  also 
allows  higher  population  of  seeding  particles 
which  yields  higher  spatial  resolution. 
However,  a  typical  off-axis  scheme  utilizes 
side-scattering  of  light  from  particles  which  is 
2  to  3  orders  of  magnitude  lower  than  forward 
scattering  (depending  on  particle  size  and 
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scattering  angle). ,  Low  scattering  efficiency 
requires  use  of  considerably  larger  particles,  a 
setback  as  far  as  velocity  measurements  are 
concerned. 

In  a  previous  paper,  Zhang  &  Katz 
(1994)  proposed  a  hybrid  optical  system  that 
combined  the  advantages  of  both  in-line  and 
off-axis  holography  without  having  their 
drawbacks.  In  this  system,  Fig.l,  the  subject 
beam  is  arranged  for  forward  scattering.  Two 
relay  lenses  are  inserted  in  the  path  between 
the  interrogation  volume  and  the  film  drive.  A 
spatial  high  pass  filter  (a  small  pin)  is  instaUed 
at  the  focus  of  the  first  relay  lens,  which 
blocks  the  undisturbed  portion  of  the  subject 
beam  (DC  components  in  the  Fourier  space  - 
Goodman,  1968).  However,  light  scattered 
from  particles,  AC  components,  can  reach  the 
film  with  minimum  obstruction.  A  separate 
off-axis  beam  serves  as  the  reference.  The 
hybrid  system  eliminates  the  speckle  noise 
associated  with  in-line  holography,  yet  keeps 
its  high  efficiency  of  forward  scattering  (the 
zero-degree  forward  scattering  is  cut  by  the 
high  pass  filter).  It  allows  an  increase  in  the 
energy  of  subject  beam  without  over  exposing 
the  film,  since  most  of  the  beam  is  cut  by  the 
filter.  This  feature  increases  the  intensity  of 
light  scattered  from  the  particles  -  an 
advantage  while  using  small  particles.  As  a 
result,  the  signal  to  noise  ratio  (SNR)  of  the 
reconstructed  images  is  greatly  improved. 
Using  this  approach,  images  of  flows  seeded 
with  dense  population  of  particles  in  the  range 
of  3  - 15  pm  can  be  reconstructed  successfully. 

In  the  present  study,  the  hybrid 
techmque  is  further  improved  with  the 
implementation  of  phase  conjugate  image 
reconstruction.  A  phase  conjugate  wave  is 
used  to  illuminate  the  hologram  from  the 
opposite  direction  of  the  recording  reference 
beam  The  reconstructed  wave  front  (real 
image  of  particles)  propagates  back  through 
hologram  that  are  located  at  the  exact  same 


Fig.  1.  The  principles  of  the  hybrid  HPIV  system. 
Solid  lines  indicate  undisturbed  subject  beam.  Dashed 
lines  indicate  scattered  light  from  particle. 

positions  as  in  the  recording  setup.  This 
modification  eliminates  the  aberrations 
introduced  by  the  relay  lenses  that  cause 
severe  distortions  or  even  disappearance  of 
particles  located  far  from  the  optical  axis  in 
the  reconstructed  images.  With  conjugate 
reconstruction  the  images  are  aberration  free 
and  the  sample  volume  with  high  image  quality 
extends  to  the  very  edge  of  the  subject  beam 
Thus,  a  large  dynamic  range  in  space  is 
achieved. 

Using  the  approach  described  above  it 
is  possible  to  determine  the  two  velocity 
components  perpendicular  to  the  optical  axis 
at  a  high  accuracy  (1~2%).  However  an 
attempt  to  determine  the  third,  axial,  velocity 
component  by  means  of  stereoscopy,  i.e.  by 
examining  the  reconstructed  field  with  two 
cameras  arranged  at  an  angle  (Meng  and 
Hussain,  1995),  has  been  unsuccessful.  The 
main  causes  of  the  poor  results  are  the  relay 
lenses  and  the  water-glass-air  interfaces  at  the 
walls  of  the  channel.  The  relay  lenses  allow 
only  near  forward  light  to  pass  and  as  a  result, 
the  cameras  of  the  stereo  systerq  can  only  be 
arranged  at  a  small  angle,  which  adversely 
affects  the  accuracy  of  the  axial  velocity.  The 
water-glass-air  interfaces  cause  severe 
aberration  during  observations  at  angles 
exceeding  a  few  degrees.  Although  in 
principle  it  can  be  corrected  by  using  prisms, 
there  are  still  many  prohibitive  practical 
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difficulties.  Thus,  in  order  to  obtain  all  three 
velocity  components  at  the  same  level  of 
accuracy  it  is  necessary  to  use  two  hybrid 
systems  that  intersect  each  other  at  a  large 
angle  (90°  in  the  present  study).  Each  system 
measures  two  velocity  components  and  3-D 
data  are  obtained  by  combining  them 
together.  As  the  next  section  shows,  this  dual 
system  has  been  implemented  successfully  to 
measure  fully  developed,  turbulent,  channel 
flows. 

2.  EXPERIMENTAL  SETUP 

2.1  Test  Facility 

A  schematic  description  of  the  test 
facility  is  shown  in  Fig.  2.  The  measurements 
are  performed  in  a  57  X  57  mm^,  square 
vertical  channel  and  the  test  section  is  located 
2032  mm  downstream  of  the  entrance  reducer. 
The  wall  of  the  test  volume  are  made  of  flush 
mounted  glass  windows,  that  create  an 
unobstructed  interrogation  volume  of  57  X  57 
X  50  mm^.  The  entire  loop  is  kept  under  low 
positive  pressure  to  prevent  bubbles 
formation. 

The  water  is  filtered  and  seeded  with  15 
nm  diameter,  polystyrene  spheres  that  have  a 
specific  gravity  of  1.06.  Based  on  the 
experimental  results,  the  seeding  density  in  the 
test  section  varies  between  1-8 
particles/mm^.  The  present  measurements  are 
performed  at  a  mean  velocity  of  2.1  m/s.  The 
corresponding  Reynolds  number  is  1.04  X  10^. 

2.2  Optical  Setup 

A  schematic  description  of  the  optical  setup 
for  recording  the  holograms  is  shown  in  Fig. 
3.  The  light  source  is  a  ruby  laser  that  has  a 
wavelength  of  694  nm,  coherence  length  of 
about  1  m,  pulse  width  of  about  20  ns  and 


Fig.  2.  Schematic  description  of  the  test  facility. 

energy  level  of  25  mJ  per  pulse.  Only  about 
10%  of  this  energy  is  needed  for  recording  a 
hologram.  This  laser  can  generate  multiple 
pulses  during  a  single  flash  and  the  interval 
between  pulses  can  be  adjusted  from  about  20 
to  500  ^s.  The  delay  between  pulses  while 
recording  the  present  data  is  40  p-S. 

The  laser  beam  is  pre-expanded  by  a 
lens  pair  and  is  split  to  two  beams  with  the 
same  intensity  by  the  beam  splitter  Bl.  Each 
beam  is  further  separated  by  splitters  B2  or  B3 
that  have  transmission  to  reflection  ratios  of 
90%  to  10%.  The  two  90%  transmitted 
subject  beams  are  expanded  to  70  mm 
diameter,  collimated  and  directed  to  the  test 
section  at  90°  to  each  other.  The  10% 
reflected  beams  are  spatially  filtered, 
expanded,  collimated  and  directed  to  the  film 
drives  at  an  angle  of  15°.  The  holograms  are 
recorded  on  AGFA,  HOLOTEST  10E75,  70 
mm  fiilm. 

In  each  subject  beam  path,  two  identical 
achromatic  doublet  lenses,  separated  by  twice 
their  focal  lengths,  are  inserted  to  form  a  relay. 
A  2  mm  diameter,  L-shaped  pin,  installed  at 
the  focus  of  the  first  relay  lens,  serves  as  a 
spatial,  high-pass  filter.  Each  set  of  relay 
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Fig.  3.  Optical  setup  for  recording  holograms.  The 
neutral  density  filters  used  to  adjust  the  beam  intensity 
are  not  shown. 

lenses,  high  pass  filter  and  film  drive  are 
mounted  on  a  single  rail.  The  entire  unit  is 
transported  to  another  optical  table  during 
reconstruction. 

2.3  Image  Reconstruction 

The  image  reconstruction  system  is 
shown  schematically  in  Fig.  4.  The  light  source 
is  a  633  nm,  5  mW  He-Ne  laser,  whose  beam 
is  spatially  filtered,  expanded  and  collimated. 

To  implement  the  phase  conjugate 
image  reconstruction,  the  relay  lenses  along 
with  the  JBlm  drive  mounted  on  the  rail  are 
transferred  to  the  reconstruction  table.  The 
film  drive  is  removed  and  replaced  by  an 
adapter  that  ensures  that  the  developed 
hologram  is  remounted  at  its  exact  location 
during  exposures.  The  hologram  is  illuminated 
from  a  direction  which  is  opposite  to  that  of 
the  recording  reference  (conjugate  wave).  The 
reconstructed  wave-firont  propagates  through 
the  relay  lenses  and  form  a  3-D  image  in  firont 
of  a  video  camera  (Panasonic  WV-BD400), 
that  scans  the  image.  The  camera  is  equipped 
with  an  objective  zoom  lens,  and  is  mounted 
on  X-Y-Z  translation  stages  driven  by 
computer  controlled  stepping  motors.  A  PC 


Fig.  4.  Image  reconstruction  and  data  acquisition 
system. 

based  image  grabbing  system,  CORECO  OC- 
F/64  DSP,  digitizes  the  images  and  saves  them 
on  a  hard  disk.  The  files  are  then  sent  via  local 
network  to  a  SGI  Power  Challenger  for  data 
analysis.  The  entire  process  of  camera 
translation  and  image  acquisition  is  automated. 

2.4  Data  Acquisition  and  Processing 

In  the  present  paper  we  present  data  on 
the  turbulent  flow  outside  of  the  immediate 
vicinity  (5  mm)  of  the  walk  The  sample 
volume  is  46.60  x  46.60  x  42.25  mm^ 
Measurements  very  close  to  the  wall  require 
longer  delays  between  exposures,  denser 
seeding  (allowing  smaller  windows),  filtering 
of  noise  associated  with  imperfections  or  dirt 
on  the  glass  windows  and  careful  alignment  of 
the  beam  relatively  to  the  walls  (to  within 
0.2°).  These  requirements  can  be  satisfied  with 
careful  preparations,  but  they  are  not  within 
the  scope  of  the  present  paper  that  deals  with 
the  recording  technique. 

Each  640  pixel  x  480  pixel  image  frame 
corresponds  to  a  physical  dimension  of  3.11  X 
2.35  mm^.  The  camera  scans  an  entire  plane 
normal  to  the  optical  axis  (that  wiU  be 
identified  as  a  slice),  changes  its  axial  location 
and  acquires  the  next  slice.  Each  slice  consists 
of  270  image  frames,  that  are  patched 
together.  For  convenience,  the  analysis  is 
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performed  using  ffles  that  contain  quarter 
slices.  The  images  are  enhanced  and  the 
velocity  is  computed  using  auto-correlation 
analysis  adopted  from  two-dimensional  PIV 
(Roth  et  al.,  1995).  The  window  size  . is  192 
pixel  X  192  pixel  (0.93  x  0.93  mm^)  and  the 
spacing  between  windows  is  96  pixels  (0.466 
mm),  i.c.,  a  50%  overlap  between  windows. 
The  entire  interrogation  volume  contains  97  X 
97  X  87  sample  points,  providing  a  total  of 
818,583  vectors.  Using  one  processor  of  the 
SGI  Power  Challenger,  it  takes  about  80 
minutes  to  complete  the  processing  of  a  single 
slice  (8439  vectors),  including  frame  patching, 
enhancement,  auto-correlation  (using  look-up- 
table  method  instead  of  FFT),  vector 
extraction  and  vector  map  patching.  Each 
hologram  generates  97  such  slices.  The  final  3- 
D  vector  field  is  obtained  by  combining  the 
two  sets  of  data  generated  from  two 
holograms.  The  redundant  vectors  in  the  main 
flow  direction  are  used  for  precision  matching 
of  the  two  holograms  and  for  evaluating  the 
data  quality. 

3.  RESULTS  AND  DISCUSSIONS 

A  sample  reconstructed  image  obtained 
using  the  hybrid  system  is  shown  in  Fig.  5.  For 
comparison.  Fig.  6  gives  an  image  of  a  similar 
area  recorded  using  in-line  holography.  It  is 
evident  that  the  background  speckle  noise  that 
dominates  Fig.  6  is  essentially  non-existent  in 
Fig.  5.  As  a  result,  the  characteristic  SNR  of 
Figure  5  is  12  dB  compared  to  a  mere  3  dB  in 
Fig.  6.  As  noted  before,  the  higher  SNR  of  the 
hybrid  scheme  is  achieved  by  eliminating  the 
overlap  of  the  reference,  real  and  virtual 
images  and  by  the  introduction  of  high  pass 
filter,  which  allows  forward  scattering  with 
much  higher  intensity  of  the  subject  beam. 

The  entire  imaging  system  has  a  lateral 
resolution  of  about  4.9  ^im  per  pixel.  The 
average  measured  particle  diameter  is  around 


Fig.  5.  Reconstructed  image  of  15  [im  particles 
obtained  with  the  hybrid  system.  Sharp  particle  pairs 
are  in  focus.  The  area  covered  is  about  1.2  x  1.0  mm^. 
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Fig.  6.  Reconstructed  image  of  particles  obtained  using 
in-line  holography.  The  speckle  noise  is  evident. 

3  pixels,  which  is  in  good  agreement  with 
nominal  size  of  the  present  particles,  15  pm. 
When  a  hologram  is  reconstructed  particles 
show  elongated  shapes  in  the  depth  direction, 
a  phenomenon  known  as  the  “depth  of  focus” 
(Barnhart  et  al,  1994,  Hussain  et  al.,  1994). 
The  ratio  of  the  elongated  axial  extent  of 
particle  image  to  its  diameter  ranges  from 
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Fig.  7.  Sample  intensity  distributions  in  adjacent  slices 
separated  by  0.93  mm.  The  plots  are  along  lines  with 
the  same  coordinates.  In  slice  b  the  line  crosses  a 
particle.  This  particle  does  not  leave  any  trace  in  slice 
a  and  c. 

several  hundreds  in  off-axis  holography  to 
over  one  thousand  for  in-line  holography 
(Barnhart,  etal,  1994). 

In  the  present  setup,  observations  show 
that  when  the  window  size  (0.93  mm)  is  used 
as  the  interval  between  adjacent  slices,  the 
majority  of  the  particles  appear  only  in  one 
slice.  This  trend  is  illustrated  in  Fig.  7.  There 
is  only  a  very  small  fraction  of  large  particles 
that  appear  on  two,  three  or  even  more 
adjacent  shces.  Thus,  for  most  of  the  data, 
successive  slices  contain  different  particles. 
This  observation  suggests  that  for  most  of  the 
particles  the  elongation  ratio  is  less  than  62, 
which  is  smaller  than  results  reported  by 
Barnhart  et  al.  (1994).  A  plausible  (but 
speculative)  explanation  for  the  smaller  ratio  is 
the  removal  of  the  zero-degree  forward 
scattered  light  from  the  particles  by  the 
inserted  high  pass  filter.  In  in-line  holography 
this  zero-degree,  forward  scattered  hght  is 
dominant,  which  may  account  for  the 
associated  high  elongation  ratio.  Hussain  et  al. 
(1994),  however,  reported  an  elongation  ratio 
of  15  -  20  using  in-line  holography.  We  could 
not  achieve  such  a  ratio  using  in-line 
holography  in  water. 


Fig.  8  shows  a  sample  2-D  velocity 
distribution  of  a  single  slice  located  at  ,the 
center  plane  of  the  channel  The  mean  velocity 
in  the  channel  (not  in  this  plane  in  particular)  is- 
subtracted  from  each  vector.  As  noted  before, 
the  data  includes  only  the  central  47  X  42  mm^ 
of  the  sample  volume  (about  5  mm  from  the 
walls).  Witliin  this  volume  the  characteristic 
displacement  between  exposures  varies  from 
13  pixels  at  the  edge  to  21  pixels  at  the  center 
(before  subtracting  the  mean).  The  vector 
production  rate,  namely  the  fraction  of  the 
sampling  nodes  providing  reliable  data, 
exceeds  80%.  Most  of  the  windows  with  bad 
or  no  data  do  not  contain  any  particles.  At  this 
stage  we  make  no  attempt  to  interpolate  or 
filter  the  data.  The  decision  on  whether  data  is 
acceptable  depends  on  the  magnitude  of  the 
auto-correlation  peak  and  limitations  on  the 
allowed  difference  in  velocity  between 
adjacent  windows. 

A  3-D  vector  field  of  the  sample  volume 
is  presented  in  Fig.  9.  The  data  are  neither 
interpolated  nor  filtered.  Clearly,  the  hybrid 
HPIV  method  allows  us  to  map  the  three 
dimensional  velocity  distribution  within  water 
at  a  high  Reynolds  number.  This  data  will  be 
used  mostly  for  turbulence  modeling. 

4.  CONCLUSIONS 

The  hybrid  HPIV  system  described  in 
this  paper  is  capable  of  measuring  the  three 
dimensional  velocity  distribution  in  liquid  at 
high  Reynolds  numbers.  It  is  characterized  by 
a  fairly  simple  optical  setup.  Its  features 
include  an  off  axis  reference  beam,  the  use  of 
relay  lenses  together  with  high  pass  filters  in 
the  paths  of  the  subject  beams.  This 
arrangement  still  allows  forward  scattering  of 
light  from  the  particles,  more  intense 
illumination  of  the  sample  volume  (by  an  order 
of  magnitude  higher  than  in-line  holography) 
and  separations  of  the  reference,  real  and 


4.3.6 


virtual  images,  which  substantially  reduces  the 
speckle  noise.  Consequently,  the  SNR  of  the 
hybrid  system  is  considerably  higher  than  in¬ 
line  holography.  It  allows  to  clearly  resolve  in 
water  particles  with  diameters  ranging  from  3 
to  15  |im.  The  depth  of  focus  is  reduced 
substantially.  Wide  dynamic  ranges  in  both 
space  and  velocity  are  achieved.  Combined 
with  an  automated  image  acquisition  system 
and  an  existing  correlation  based  data  analysis 
software,  this  system  has  been  used  for 
measuring  a  three  dimensional  vector  array 
containing  almost  one  million  vectors. 
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Fig.  8.  The  2-D  velocity  distribution  in  the  center  slice  after  subtracting  the  mean  velocity  from 
each  vector.  The  large  arrow  on  right  indicates  the  direction  and  magnitude  of  the  mean  velocity. 


Fxg.  9.  A  3-D  vector  map  of  the  velocity  distribution  within  the  channel.  For  clarity  only  the  data 
on  the  thr^  surfaces  of  the  sample  volume  are  shown.  The  large  arrow  on  top  shows  the  direction 
and  magnitude  of  the  mean  velocity  which  has  been  subtracted  from  each  vector. 
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ABSTRACT 

The  work  presented  in  this  paper  is  a  novel 
technique  to  measure  3-D  velocity  fields.  It  is 
based  on  an  Adaptive  Least  Squares 
Correlation  (ALSC)  of  grey  level  distributions 
in  patches  cut  out  of  observation  volumes, 
generated  tomographically  by  Laser  Induced 
Fluorescence  (LIF).  The  method  allows  in 
addition  to  determine  the  vorticity  vector  and 
the  rate  of  strain  tensor  without  performing 
any  differentiations. 


A.  INTRODUCTION 

When  the  diffusion  coefficient,  D,  of  a 
solute  is  much  smaller  than  the  diffusion 
coefficient  of  momentum,  i.e.  the  kinematic 
viscosity  of  the  fluid  v  and  the  Schmidt 
number  is 

Sc=  v/D  » 10 

the  solute  essentially  marks  the  fluid  particles 
and  its  dissolution  is  mainly  due  to  turbulent 
mixing.  Disodium  Fluorescein  is  used  as  a 
conservative  tracer  to  consecutively  construct 
3-D  tomographic  images  of  an  observation 
volume  by  Laser  Induced  Fluorescence  (LIF) 
(Merkel  1995,  Merkel  et  al.  1995,  1996). 
Adaptive  Least  Squares  Correlation  (.^SC)  of 
grey  levels  of  a  small  cuboid  inside  a 
tomographic  image  at  time  t  and  its  translated 


and  deformed  image  at  time  t  +  At  are  then 
used  for  the  determination  of  its  translation 
and  deformation.  Thereby  the  assumption  is 
made  that  the  deformation  of  the  cuboid  is 
affine,  i.e.  that  straight  lines  and  planes  are 
conserved.  Provided  the  cuboid  is  small,  these 
quantities  assigned  to  the  centre  of  the  cuboid 
at  time,  t  can  be  considered  as  point  values. 


B.  TRACKING  OF  3-D  LIF  TOMO¬ 
GRAPHY  PATTERNS  BY  ALSC 

In  the  description  of  the  method  we  follow 
the  papers  by  Gruen  (1985)  and  Maas  et  al. 
(1994).  The  basic  principle  of  ALSC  is:  Given 
two  LIF  tomographic  images  of  an 
observation  volume  at  times  t  and  t  +  At,  take  a 
small  patch  Pi,  e.g.  a  small  cube,  in  the  first 
image  and  search  for  a  corresponding  patch  P2 
in  the  second  image  so  that  the  sum  of  the 
squares  of  grey  level  differences  between  the 
two  patches  becomes  minimum.  In  the 
following  we  will  call  such  patches  conjugate. 
Let  gi(x,y,z)  i  =  1,2  be  discrete  functions, 
e.g.  voxel-wise  given  grey  levels,  describing 
the  patches  Pi  and  P2  and  e(x,y,z)  as  an  error 
vector,  the  ideal  correlation  between  the  two 
patches  is  established  if 

gl(x,y,z)-e(x,y,z)  =  g2(x,y,z) 
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To  express  the  geometric  relationship  between 
related  patches  at  times  t  and  t  +  At  a  3-D 
affine  transformation  is  used  (more  details  are 
given  in  Dracos  et  al.  (1995)) 

X2  =  ao  +  aixi  +  a2yi  +  aszi 
y2  =  bo  +  bixi  +  b2yi  +  bszi 
Z2  =  CO  +  cixi  +  C2yi  +  C3Z1 

The  translation  is  determined  with  subpixel 
accuracy  (1/20  to  1/30  of  a  pixel)  and  the 
convergence  is  usually  fast.  Less  than  10 
iterations  are  needed. 


C.  DETERMINATION  OF  THE  FLOW 
PARAMETERS 


D.  EXPERIMENTAL  CONDITIONS 


The  Schmidt  number  of  the  tracer  used  for 
marking  the  fluid  must  be  large  enough  so  that 
molecular  diffusion  can  be  neglected  during 
the  time  step  At.  If  the  linear  dimension  of  a 
voxel  is  ly ,  the  diffusion  time  tjj  must  be 


4D  4v 


Sc  »  At 


Turbulent  diffusion  has  to  be  small  during  the 
time  step  At.  This  is  achieved  when 

ly  “C  Ay 


ALSC  gives  for  each  patch  selected  in  the 
tomographic  image  at  time  t  the  translation  and 
deformation  parameters.  The  vector  (ao,bo,co) 
gives  the  translation  of  the  centre  of  the  patch 
during  the  time  step  At.  The  components  of  the 
translation  velocity  are  determined  by 

ao  bo  Co 

u  =  — ,  v  =  -^,  w  =  — 

At  At  At 


Splitting  ai,  bi,  ci  i=  1,2,3  in  a  symmetric  and 
an  antisymmetric  part  and  dividing  by  At 
yields  the  rate  of  strain  tensor 


J_ 

At 


|(a2  +  bi) 

,2  (^3  + Cl) 


2(^2  +  bi) 

b2-l 

2  (^3+^2) 


2  (^3  + Cl) 

i(b3  +  C2) 


with  Ay  as  the  viscous  length.  The  resolution 
in  z-direction  had  to  be  comparable  to  the 
resolution  in  the  x,y-plane.  The  displacements 
of  the  x,y-observation  planes  in  steps  Az  must 
be  equal  to  the  length  in  object  space  imaged 
on  a  pixel.  At  least  N  =  50  plane  cuts  are 
needed  for  the  tomographic  generation  of  a 
representative  volume.  The  time  needed  is 

At  =  N  — 
fc 

where  f(,  is  the  number  of  images  per  second 
taken  by  the  camera.  This  time  is  usually 
larger  than  the  advection  time  tA 


and  the  rotation  tensor 


( 


0 


J_ 

At 


,i(ci-a3) 


i(^2-bi)  ih-ci)' 

0  i(b3-C2) 

i(c2-b3)  0  J 


Notice  that  the  rate  of  strain  tensor  Sij  and  the 
vorticity  vector  ©j  are  directly  determined 
without  performing  any  differentiation  (Merkel 
1995). 


with  M  as  the  mapping  scale.  Ip  as  the  linear 
dimension  of  the  pixel  and  ui  as  the  mean 
local  advection  velocity.  To  avoid  distortion 
due  to  advection  during  the  tomographic 
generation  of  the  volume,  the  camera  must  be 
moved  with  U}.  The  3-D  grey  level  patterns  in 
consecutive  tomographic  observations  do  not 
differ  considerably.  This  condition  is  a 
consequence  of  the  assumption  that  the 
deformation  of  conjugate  patches  is  small. 
This  implies: 


At  < 


^s) 


tk 
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E.  EXPERIMENTAL  SET-UP 

The  observations  are  made  in  an 
a Yi symmetric  nonbuoyant  turbulent  jet.  It 
discharges  through  an  orifice  into  a  tank  ffled 
with  water.  The  water  entrained  by  the  jet  is 
supplied  along  the  four  edges  of  the  tank  and 
the  sum  of  jet  and  entrained  fluid  is  extracted 
at  the  end  of  the  tank.  Although  the  tank  size  is 
limited,  this  arrangement  allows  to  run  the  jet 
under  stable  conditions  for  a  long  time  (Merkel 
1995). 


Figure  1  Layout  of  the  optical  arrangement 

The  light  sheet  was  generated  by  an  Argon 
Ion  Laser  as  a  light  source  and  a  appropriate 
optical  system  which  includes  a  cylindrical 
lens  and  a  piezo  scanner  mirror  which 
stepwise  moved  the  sheet  parallel  to  itself  in 
steps  of  60  }im  with  the  imaging  frequency  of 
the  camera.  A  tomographic  volume  was 
generated  by  50  individual  images.  Its 
thickness  was  3  mm  and  the  time  needed  for 
its  generation  was  At  =  0. 1  s.  The  centre  plane 
of  this  volume  was  located  on  a  midpipe  of 
the  jet  and  its  centre  nearly  coincided  with  the 
inflection  point  of  the  mean  velocity  profile  of 
the  jet.  At  this  location  the  maximum  of 
turbulent  production  is  expected  to  occur. 

The  optical  arrangement  induing  scanner 
mirror  and  camera  was  moved  with  the  mean 
local  advection  velocity  uj  =  9.5  mm/s.  The 

Schmidt  number  is  Sc  =  2075 . 

The  viscous  length  at  the  observation 

location  was  Ay  =  0.45  mm  and  the 
Kolmogorov  length  =  0.99  mm.  All 
conditions  given  in  the  mentioned  equation 


chapter  D  are  fulfilled.  The  time  needed  for  the 
generation  of  a  volume  is  about  an  order  of 
magnitude  smaller  than  the  Kolmogorov  time 
scale. 


Table  1  Flow  parameters 


Orifice  diameter 

do  =5inm 

Velocity  at  orifice 

Uq  =  0.85  m/s 

Reynolds  number  at 

Reo=4275 

orifice 

Reynolds  number  of 

Re  =  Uui^  v“^=  6000 

the  jet 

Location  of 

x/do=280 

observation 

Mean  center  velocity 

Um(x/do=280) 

of  the  jet 

=  19.4  mm/  s 

Mean  local  advection 

ujs=  9.5  mm/s 

velocity 

Kolmogorov  length 

Ajf  =  0.99  mm 

scale 

Viscous  length  scale 

Ay  =  0.45  mm 

Diffusion  toe 

tD  =  1.7  s 

Advection  time 

tA  =  0.0063  s 

Imaging  time 

At  =  0.1  s 

F.  EXPERIMENTAL  RESULTS 

Figure  3a  shows  the  tomographically 
generated  volumes,  Vi  and  V2,  at  times  t  and  t 
+  At .  In  Figure  3b  a  cubic  patch  of  15  x  15  x 
15  voxels,  cut  out  of  the  volume  V 1  at  toe  t 
and  the  iterative  determination  of  its  conjugate 
patch  at  time  t  +  At  in  volume  V2  are  depicted. 
The  iterated  patches  are  transformed  back  to  a 
cubic  form  for  a  better  optical  judgement  of  the 
grey  level  correlation.  The  translation  and 
deformation  of  the  original  cubic  patch  are 
shown  in  Figure  5.  The  size  of  the  volxime  in 

object  space  is  0.9  x  0.9  x  0.9  mm^  and  is  of 
<2 

the  order  of  A^. 
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(b) 


Pi  ?2 


Figure  3  (a)  Two  tomographic  volumes  Vi 
and  V2  at  times  t  andt  +  At 


(b)  Patch  Pi  in  Vi  and  iterations  of  Patch  P?  in 
V2 


The  velocity  vectors  located  on  the 
midplane  of  the  volume  Vi  are  shown  in 
Figure  4.  In  this  figure  one  sees  that  in  areas 
in  which  the  grey  level  contrast  is  small  the 
ALSC  method  fails.  These  are  mainly  areas  in 
which  engulfed,  not  yet  mixed  and  not  dyed 
ambient  fluid  is  met.  There  is  a  very  good 
correlation  of  neighbouring  velocity  vectors 
observed  throughout  the  whole  volume.  This 
makes  a  postprocessing  for  screening  wrong 
velocity  vectors  unnecessary  and  demonstrates 
the  high  degree  of  reliability  of  ALSC. 


Figure  4  Velocity  vectors  in  the  midplane  of 
Vi 


Figure  5  Conjugate  patches  Pi  (solid  line)  and 
P2  in  real  coordinates 


G .  STATISTICAL  RESULTS 
(a)  Incompressibility  condition 

To  check  the  quality  of  the  quantities 
depending  on  velocity  derivatives,  determined 
as  mentioned  in  Section  C,  the  mean  value, 
root  mean  square,  the  correlation  coefficient, 
flatness  and  skewness  for  the  incom¬ 
pressibility  condition 
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3u  ^  dv 
dx  dy  _  . 
dw 
dz 

were  calculated.  Table  2  shows  these  values. 
Table  2  Statistical  results 


mean  rms  corre-  skew-  flat- 
lation  ness  ness 


da  d\ 
Bx^  dy 


^  0.99  0.25  0.97  0.19  5.95 


The  calculated  mean  value  of  the  incom- 
pressiblity  condition  in  the  expermentd  data 
set  is  0.991  with  a  correlation  coefficient  of 
0.973.  This  coefficient  is  much  higher  than 
any  found  in  measurements  by  multi-hotwire 
probes,  which  never  exceed  0.7  (Tsinober  et 
al.  1992,  Ong  1992,  Lemonis  1995).  Figure  6 


shows  the  correlation  of 


<9u  ^  dv 
dx  dy 


with 


dw 

dz 


Il/S]  1  n 


Figured  Correlation  of 


d\x  dv 
dx  dy 


with 


dvf 


(b)  Alignment  properties 

With  the  ALSC  method  we  gain  the  translation 
and  deformation  parameters.  These  parameters 
give  the  rate  of  strain  tensor  and  rotation 
tensor  as  shown  in  Section  C.  The  vorticity 
vector  can  then  easily  determined.  The 
orientation  of  the  principal  directions  of 
compression  and  elongation  and  the 
orientation  of  the  vorticity  vector  esspecially  at 
high  concentration  gradient  surfaces  are  of 
interest. 

Figure  7  shows  the  pdf  of  the  cosine  of  the 
angles  formed  between  the  vorticity  vector  a 
and  the  eigenvectors  ei,  €2  and  e^.  The 
preferred  orientation  for  the  principal  direction 
of  compression,  e;,  and  elongation,  62,  is  for 

an  angle  of  <  (©>ei) »  90®  or  cos  (d),  ej) «  0 
(i=l,2).  The  orientation  becomes  more 

pronounced  for  large  db. 

A  very  strong  orientation  is  obtained  for 
the  vorticity  vector  and  the  intermediate 

eigenvector  for  <  (©,63)  ®  0®  e.g.  180®  or 

cos(Q),e3)«l  e.g. -1.  This  alignment  is 
very  strong.  Over  80%  of  3500  considered 
values  of  the  cosine  cos  (Vc,  63)  are  between 

0.95<|cos(m,e2)|<l.  This  corresponds  to 

the  angle  <(©,63)  =  ±18®.  The  alignment 

becomes  more  pronounced  for  large  © . 

The  pdf  of  the  cosine  of  the  angles  formed 
between  the  concentration  gradient  Vc  and  the 
eigenvectors  ej,  €2  and  ej.  shows  a 
preferred  orientation  of  Vc  and  ej  for 

cos  (Vc,ei)  =  0.65  e.g.  -0.65.  The  corre¬ 
sponding  angle  for  the  cosine  is 

<(Vc,ei)  =  50®.e.g.  130®.  The  orientation 

becomes  more  pronounced  for  high  con¬ 
centration  gradients. 

When  the  diffusion  of  the  scalar  is 
negligibly  small  isoconcentration  surfaces 
coincide  with  material  surfaces  and  the 
gradient  of  the  concentration  is  also  normal  to 
die  latter. 
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Figure  7  Pdf  of  the  cosine  of  the  angle 
between  vorticity  vector  a>  and 
eigenvectors  ej  (elongation),  ?2 
(compression)  and  (inter¬ 
mediate). 

Batchelor  (1952)  theoretically  predicts  in 
this  case  that  the  vorticity  vector  is 
perpendicular  to  the  material  surfaces  and  thus 
located  in  a  tangential  plane  of  this  surfaces. 
The  measurements  performed  allows  to  check 
these  theoretical  result.  Figure  8  shows  the  pdf 
of  the  cosine  of  the  angles  formed  between  the 
concentration  gradient ,  Vc,  and  the  vorticity 
vector  a>.  The  corresponding  angles  are  also 
given.  The  average  is  cos  (Vc,m)  =  - 0.001 

or  <  (Vc,3)  =  90.06°.  The  root  mean  squares 
values  are  coSrms  =0.125  or 

<(Vc,ffl)^g  =±7.2°.  The  agreement  with 
the  theory  is  excellent.  These  values  are  not 
depending  on  the  magnitude  of  the  vectors  Vc 

and  3  .  In  accordance  with  the  numerical 
results  of  Ashurst  et  al.  (1987)  the  vorticity 
vector  is  preferably  aligned  with  the 
intermediate  principal  strain.  This  alignment 
becomes  more  pronounced  for  large  3 . 

The  orientation  of  the  concentration  gradient 

Vc,  vorticity  vector  3  and  the  principal 
directions  of  the  rate  of  strain  tensor 


-0.95  -0.65  .0.35  .0.05  0.25  0.55  0.85  COS  7  =  Vc  ■  dj/|Vcj  •  |6j| 
162°  131°  110°  93°  76°  57°  32°  /(Vc.oj) 

|Vc|  +  lfi)| 

-O-  |Vc|>|w|  +  Vc^  +  \(0\>\W\  + COrms 

Figure  8  Pdf  of  the  cosine  of  the  angle 
between  concentration  gradient  Vc 
and  vorticity  vector  co  j . 

(eigenvectors)  at  a  point  on  a  material  surface 
is  shown  in  Figure  9.  The  elongation  of  the 
surface  is  in  direction  of  the  compression 
of  the  surface  in  direction  of  e2-  The 
intermediate  eigenvector  and  the  vorticity 
vector  are  lying  in  the  isoconcentration 
surface. 


Figure  9  Orientation  of  concentration  gradient 
Vc,  vorticity  vector  3  and  eigen¬ 
vectors  ei  (elongation),  62 
(compression)  and  (intermediate) 
at  a  point  on  a  material  surface. 
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CONCLUSIONS 

The  use  of  Laser  Induced  Fluorescence 
Tomography  (LIFT)  combined  with  Adaptive 
Least  Squares  Correlation  (ALSC)  is  a  novel 
and  powerful  technique  for  simultaneous 
determination  of  the  three-dimensional 
concentration  distribution,  its  gradient  and  of 
the  three-dimensional  velocity,  vorticity  and 
rate-of-strain  fields.  The  accuracy  of  the 
method  is  at  least  as  good  as  the  one  of  well 
established  one  point  measurement  techniques, 
e.g.  by  hot-wires  or  LDA.  The  spatial 
resolution  is  very  high  with  a  satisfactory 
temporal  resolution.  With  the  affine 
transformation  parameters  gained  by  the 
ALSC  method  the  rate  of  strain  tensor  and  the 
vorticity  vector  can  be  directly  determined 
without  performing  any  differentiations.  The 
compressibility  condition  is  very  good 
fulfilled.  Alignment  properties  between  the 
eigenvectors  of  the  rate  of  strain  tensor,  the 
vorticity  vector  and  the  concentration  gradient 
can  be  shown  on  a  material  surface  in  a  fully 
developed  self  similar  far  field  of  a  turbulent 
jet 
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ABSTRACT 

This  paper  describes  a  miniaturized  particle  sizing 
velocimeter  developed  and  built  by  MetroLaser  to  measure 
the  spatial  and  temporal  distributions  of  particle  size  and 
velocity.  The  instrument  is  the  first  of  its  kind  to  utilize  the 
pulse  displacement  techmque  (PDT)  to  measure  particle 
size.  PDT  is  based  on  the  detection  of  scattered  refraction 
and  reflection  pulses  which  sweep  past  a  detector  at 
different  timps  as  a  particle  traverses  a  narrow  laser  sheet. 
In  conjunction  with  Mie  scattering  and  a  time-of-fight 
velocity  measuring  techmque,  the  instrument  provides 
detailed  distributions  of  particle  size  from  2  pm  to  6000  pm 
in  two  optical  configurations,  and  particle  velocity  from  0.5 
m/s  to  150  m/s.  This  paper  summarizes  the  theoretical 
foundation  of  PDT  which  allows  the  calculation  of  particle 
diameter  from  various  optical  parameters  such  as  refractive 
index  and  collection  angle.  An  overview  of  the  instrument 
is  presented,  followed  by  a  brief  description  of  the 
miniaturized  optical  probe.  The  processing  of  data  is 
described  and,  lastly,  the  resulU  of  experimental  smdies  are 
presented  which  verify  the  accuracy  and  versatility  of  the 
instrument. 

1.  INTRODUCTION 

Commercially  available  single  particle  counters  typically 
measure  particle  size  over  a  limited  range  (e.g.,  40  to  1). 
They  utilize  illuminating  laser  beams  with  dimensions  of 
the  same  order  of  magnitude  or  larger  than  the  size  of  the 
measured  particles  (see,  for  example,  Bachalo  and  Houser 
(1984);  Chu  and  Robinson  (1977);  Durst  and  Zare  (1975); 
Hess,  C.F.  (1984);  and  Holve  (1980)).  These  features 
present  serious  limitations  in  many  two-phase  flows  which 
are  characterized  by  a  large  size  range  and  a  high  particle 
concentration. 

The  development  and  implementation  of  a  new  particle 
giring  technique,  called  the  pulse  displacement  technique 
(PDT),  many  of  these  limitations.  In  conjunction 

with  a  Mie  scattering  sizing  technique  called  Imax,  PDT 
forms  the  foundation  of  an  optical  probe  designed  to 
measure  a  size  range  from  2  pm  to  6000  pm.  In  principle, 
this  size  range  can  be  measured  with  a  single  optical 
configuration;  however,  in  most  applications  small  particles 
are  present  in  large  numbers  while  large  particles  are 
present  in  small  numbers,  creating  incompatible  probe 


volume  requirements  and  number  density  constraints.  For 
this  reason,  the  instrument  described  here  incorporates  two 
optical  configurations  (referred  to  as  the  "small  particle 
configuration"  and  "large  particle  configuration")  which  are 
easily  selected  through  a  combination  of  simple  hardware 
and  software  choices. 

PDT  is  implemented  in  the  current  instrument  using  a 
single  off-axis  receiver  which  measures  the  intensity  of 
scattered  light  from  a  particle  sequentially  traversing  two 
parallel  laser  sheets  with  wavelengths  of  Xi  =  0.5145  and  Xi 
=  0.4880  pm.  This  is  shown  schematically  in  Figure  1. 
The  laser  sheets  have  waists  of  20  pm,  smaller  than  the 
diameter  of  the  particles  being  measured  by  PDT.  As  a 
particle  traverses  either  sheet,  a  set  of  double  pulses  results 
when  scattered  laser  light  is  first  refracted  and  then 
reflected  by  the  particle  (or  vice  versa,  depending  on  which 
side  of  the  sheets  the  particle  enters  relative  to  the 
receiver),  with  one  pulse  separated  in  time  from  the  other 
pulse.  A  second  pair  of  pulses  occurs  when  the  particle 
traverses  the  second  sheet.  This  is  shown  schematically  in 
Figure  2  where  the  larger,  refracted  pulse  occurs  first. 
These  light  pulses  are  conducted  to  photodetectors  by  either 
two  optical  fibers  or  a  fiber  bundle,  depending  on  the  size 
range  being  measured,  and  are  sorted  according  to 
wavelength,  with  Li  going  to  one  detector  and  X2  going  to  a 
second  detector.  The  detector  outputs  are  then  sent  to  two 
time-synchronized  digital  signal  processing  boards  for 
digitization  and  data  reduction.  The  temporal  separation  of 
either  the  two  reflation  pulses  or  the  two  reflection  pulses 
(one  of  each  wavelength)  is  proportional  to  the  velocity  of 
the  scattering  particle  normal  to  the  two  sheets  (this  is  a 
time-of-flight  measurement).  The  temporal  separation  of 
the  refraction  and  reflection  pulses  (each  of  the  same  color) 
is  proportional  to  the  diameter  of  the  particle  for  a  given 
velocity. 

The  second  of  the  two  techniques,  the  Imax  techmque,  can 
measure  particle  diameters  smaller  than  PDT.  The  Imax 
technique  employs  a  laser  beam  elongated  in  one  dimension 
to  form  a  sheet  where  the  intensity  along  the  central  portion 
of  the  sheet  is  approximately  constant  (this  is  compatible 
with  PDT).  Only  light  scattered  from  the  central  portion  of 
the  sheet  is  detected  which  allows  the  scattered  intensity  to 
be  correlated  with  particle  size  using  Mie  scattering  theory. 
For  particles  with  diameters  smaller  than  the  laser  sheet 
width,  a  single  pulse  of  merged  refracted  and  reflected  light 
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is  produced  during  each  sheet  traverse.  As  particle 
diameter  increases  beyond  the  laser  sheet  width,  the 
refracted  and  reflected  components  become  increasingly 
resolved.  At  a  particle  diameter  ~1.5  times  the  sheet  width, 
the  pulses  are  separated  and  the  Imax  and  PDT  techniques 
overlap.  As  with  the  PDT  technique,  particle  velocity  is 
measured  from  the  time-of-flight  between  the  two  sheets. 

Combining  PDT  and  Ini«  allows  particle  sizes  to  be 
measured  \vhich  are  both  smaller  and  larger  than  the  laser 
sheet  width.  In  the  current  instrument,  Inax  is  used  to 
measure  diameters  from  2  pm  to  45  pm  and  PDT  is  used  for 
diameters  greater  than  45  pm.  Note  that  particles  smaller 
than  2  pm  can  be  measured  using  loux  if  sufficient  laser 
power  is  available. 

2.  ANALYTICAL  DESCRIPTION 


collecting  lens),  which  is  usually  the  case  in  practical 
systems. 

Referring  again  to  Figure  3,  the  lateral  displacements  of 
points  R  and  L  from  the  vertical  bisector  of  the  spherical 
particle  (line  X-X)  are  designated  as  rmt  and  I , 
respectively.  Analytical  expressions  for  these  displacements 
are  derived  from  Figure  3; 

d 

rent=2“®^R>  (3) 

f  =  y  cos  T^.  (4) 

The  spatial  separation  S(d)  is  then  equal  to: 

^(^1)  =  f  =  y  (coS  +  COS  Tr).  (5) 


This  section  presents  basic  analytical  relationships 
governing  PDT.  More  detailed  analytical  results  are  found 
in  Hess  and  Wood  (1993)  and  Hess  and  Wood  (1994). 

Following  van  de  Hulst  (1981),  a  light  ray  incident  on  a 
spherical  particle  or  droplet  may  be  separated  into  rays 
which  are  either  refracted  or  reflected.  Figure  3  illustrates 
this  concept.  R  and  L  represent  the  points  on  the  equator  of 
a  sphere  which  refract  and  reflect,  respectively,  incident 
light  at  an  angle  0  with  respect  to  forward  scatter.  (E  is  the 
point  of  emergence  of  the  refracted  ray  from  the  sphere).  R 
and  L  are  separated  by  a  distance  S(d).  For  a  given 
refractive  index  and  scattering  angle,  S(d)  is  a  linear 
function  of  particle  diameter,  as  derived  below. 

A  particle  traveling  toward  the  left  (as  shown  in  Figure  3) 
will  first  refract  light  and  then  reflect  light  to  a 
photodetector  positioned  at  collection  angle  0.  The 
temporal  separation  of  the  two  pulses  received  by  the 
photodetector  is  S(d)/U,  where  U  is  the  particle  velocity 
normal  to  the  direction  of  beam  propagation.  The 
determination  of  S(d)  allows  the  calculation  of  the  particle 
diameter,  d. 

As  shown  in  Figure  3,  Tl  and  tr  are  the  input  angles  of 
reflection  and  refraction,  respectively,  which  cause  incident 
light  rays  to  be  deflected  by  an  angle  0.  Specifically,  the 
angle  of  reflection,  Xl,  is  given  by: 

0 

(1) 

where  0  ^  k.  The  angle  of  refraction,  xr,  is  derived 

by  applying  Snell’s  law  (i.e.,  ni  sin  0i  =  n:  sin  ©2)  to  a 
spherical  particle  or  droplet  with  index  of  refraction  n: 
scattering  into  a  medium  with  index  of  refraction  ni.  The 
resulting  equation  must  be  solved  iteratively: 

X|^  =  cos'^ 

where  0  S  0  ^  ix.  Equations  1  and  2  are  valid  when  the 
distance  between  the  spherical  particle  and  the  collecting 
lens  is  large  compared  to  the  spherical  particle  diameter 
(i.e.,  f »  d,  where  f  is  the  distance  from  the  particle  to  the 


nj  cos  xj^ 
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0 

2’ 


(2) 


Rearranging  the  preceding  equation  gives  the  particle 
diameter,  d,  as  a  function  of  S(d): 


d  = 


2S(d) 

(cos  Xr  +  COS  Xl) 


(6) 


For  example,  for  water  (dz  =  1.33)  in  air  (nj  =  1) 
scattering  light  at  0  =  30°;  xl  =  15°,  xr  =  39.59°,  and  S(d)/d 
=  0.8683. 


3.  MINIATURIZED  OPTICAL  PROBE 

This  section  presents  a  brief  overview  of  the  instrument 
and  the  miniaturized  optical  probe.  A  detailed  description 
of  each  is  presented  in  Wood  and  Hess  (1994). 

Figure  4  presents  a  schematic  drawing  of  the  miniaturized 
particle  sizing  velocimeter.  The  instrument  consists  of: 

1.  A  miniaturized  optical  probe  with  integrated  transmitter 
and  receiver, 

2.  An  argon  ion  laser  with  a  laser-mounted  fiber  coupler, 

3.  Twenty-five  meters  of  flexible,  water-proof  conduit 
containing  optical  fibers  and  a  fiber  bundle; 

4.  A  rack-mounted  electronic  interface  box  (EIB) 
containing  the  photodetector  assembly  and  probe  heater 
controller, 

5.  An  IBM-compatible  personal  computer  containing  two 
digital  signal  processing  boards,  monitor,  and  keyboard. 

The  instrument  measures  particle  sizes  in  two  ranges 
without  the  need  for  realignment.  The  first  range,  from  2 
pm  to  100  pm,  utilizes  PDT  and  Inm  together.  The  second 
range,  from  250  pm  to  6000  pm,  utilizes  PDT  only.  (In 
principle,  the  instrument  is  capable  of  measuring  particles 
from  100  pm  to  250  pm;  however,  the  current  instrument 
was  developed  for  an  application  devoid  of  particles  in  this 
size  range.)  When  changing  size  ranges,  the  operator  makes 
only  simple  changes  at  the  optical  probe  (i.e.,  the  insertion 
or  removal  of  a  diffusing  screen  and  the  installation  of  the 
appropriate  aperture  plates)  and  at  the  front  panel  of  the 
EIB.  The  instrument  will  measure  particle  velocities  from 
less  than  0.5  m/s  to  more  than  150  m/s. 

The  instrument  employs  a  Lexel  two-watt  argon  ion  laser 
(model  95-2)  operating  in  the  multiline  mode  between 
0.4579  pm  and  0.5145  pm.  700  milliwatts  of  laser  light  is 
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launched  into  25  meters  of  Fujikura  single-mode  optical 
fiber  (type  SM  48-P)  using  an  OZ  Optics  laser-to-fiber 
coupler  (model  HPUC-23-500-P-1)  mounted  on  the  laser 
head.  Approximately  300  milliwatts  of  laser  power  is 
delivered  to  the  probe  volume  for  an  overall  efficiency  of  ~ 
40%. 

The  optical  probe  consists  of  an  integrated  transmitter  and 
receiver.  It  is  small  enough  to  operate  with  negligible  flow 
disturbance  and  is  rugged  enough  to  withstand  harsh 
environments  characterized  by  high  ambient  moisture 
levels,  high  noise  and  vibration  levels,  and  wide  swings  in 
ambient  temperature.  The  inner  structure  of  the  optical 
probe,  containing  all  optics  and  mounting  hardware,  is 
constructed  of  Invar,  an  iron/nickel  alloy  with  a  low 
coeflicient  of  expansion.  The  dimensional  stability  of  Invar, 
along  with  thermocouple-controlled  flexible  heaters 
attached  to  the  inside  of  the  optical  probe,  ensures  that  the 
probe  will  operate  from  below  O'C  to  well  above  room 
temperature  without  realignment. 

The  transmitter  optics  produce  two  parallel  laser  sheets 
separated  by  103  pm  with  wavelengths  of  ki  =  0.5145  pm 
and  Xz  =  0.4880  pm  (see  Wood  and  Hess  (1994)  for  a 
detailed  description).  The  sheets  have  waists  of  20  pm 
located  midway  between  the  transmitter  and  receiver. 

Light  scattered  by  particles  traversing  the  probe  volume  is 
collected  by  the  receiver  and  focused  onto  a  fiber  bundle  or 
individual  multimode  optical  fibers  (depending  on  the  size 
range  chosen)  for  transmission  to  a  photodetector  assembly 
located  in  the  EIB.  The  design  and  use  of  the  fiber  bundle 
greatly  simplifies  the  optical  design  of  the  receiver  and 
allows  the  measurement  of  particle  sizes  from  2  to  6000  pm 
without  significantly  altering  the  optical  configuration  of  the 
probe.  The  fiber  bundle,  composed  of  several  thousand  50 
pm  glass  multimode  fibers  together  with  a  single  100  pm 
fused  silica  multimode  fiber,  provides  a  large  field  of  view 
not  achievable  with  a  single  glass  fiber.  At  the  termination 
within  the  probe,  the  50  pm  glass  fibers  are  bundled  into  a 
2x8  mm  rectangular  apierture  with  the  100  pm  fused  silica 
fiber  positioned  at  the  geometrical  center  of  the  rectangular 
aperture.  At  the  end  which  feeds  light  to  the  photodetector 
assembly  in  the  EIB,  the  50  pm  fibers  and  the  100  pm  fiber 
are  bifurcated  from  each  other,  allowing  the  fiber  bundle 
and  the  100  pm  fiber  to  be  mounted  on  separate 
photomultiplier  tubes  (PMTs)  within  the  EIB. 

The  photodetector  assembly  consists  of  three  Hamamatsu 
PMTs  (model  R-1784),  each  mounted  on  a  custom  preamp 
card.  Two  of  the  PMTs  are  fitted  with  0.4880  pm 
interference  filters  and  the  third  is  fitted  with  an  0.5145  pm 
interference  filter. 

The  output  from  the  preamps  is  sent  to  a  pair  of  Signatec 
digital  signal  processors  (model  DASPIOOA),  housed  within 
the  system  computer,  for  digitization  and  data  reduction. 
The  function  of  the  digital  signal  processors  is  described  in 
the  following  section. 

The  instrument  is  controlled  by  proprietary  computer 
software  which  allows  the  operator  to  set  important 
experimental  and  data  acquisition  parameters  (sheet 
separation,  size  and  velocity  ranges,  memory  size,  signal 
digitization  rate,  PMT  high  voltage  levels,  electronic 


threshold  levels,  etc.),  and  perform  a  wide  range  of  data 
processing  functions  (calculate  size/velocity/time 
correlations,  liquid  water  content,  etc.). 

4.  SOFTWARE  ALGORITHMS 

Critical  to  the  success  of  the  instrument  was  the 
development  of  robust  and  accurate  algorithms  to  sort  and 
identify  all  reflection  and  refraction  pulses  to  minimize 
potential  errors  and  data  loss.  This  section  describes  the 
flow  of  data  received  in  a  typical  hnax/PDT  experiment  and 
discusses  how  the  instrument  processes  these  data  to  arrive 
at  accurate  results. 

Data  collected  with  the  miniaturized  particle  sizing 
velocimeter  consists  of  two  channels  of  digitized  light 
pulses  (one  channel  each  for  the  0.4880  pm  and  0.5 145  pm 
wavelengths)  containing  size,  velocity,  and  arrival  time 
information  for  each  particle  traversing  the  probe  volume. 
The  pulses  vary  in  number,  intensity,  and  temporal  spacing 
depending  upon  the  size  and  velocity  of  the  particle.  In 
addition,  pulse  intensity  is  a  function  of  particle  trajectory 
through  the  probe  volume  in  the  large  particle  configuration 
where  PDT  is  used  exclusively.  As  a  result,  each  sheet 
traverse  may  generate  one  or  two  pulses  to  be  analyzed  by 
an  Imax  algorithm  only  or  two  pulses  to  be  analyzed  by  a 
PDT  algorithm  only,  depending  upon  the  amplitude  of  the 
pulses.  Because  each  particle  must  traverse  two  sheets  to 
calculate  velocity,  one  or  two  pulses  are  generated  at  each 
of  two  wavelengths  for  a  total  of  two  or  four  pulses  per 
valid  traverse.  Furthermore,  the  reflection  pulse  generated 
by  a  particle  larger  than  the  sheet  width  is  usually  much 
less  intense  than  the  corresponding  refraction  pulse  and 
must  not  be  mistaken  for  the  merged  reflection  and 
refraction  pulse  of  a  particle  smaller  than  the  sheet  wdth. 
Lastly,  trajectory  effects  may  eliminate  one  or  both  pulses 
from  one  or  both  sheet  traverses. 

The  particle  sizing  velocimeter  uses  two  identical  digital 
signal  processors,  designated  DSPi  and  DSPz,  in  a 
master/slave  configuration.  Depending  upon  the  size  range 
being  measured,  these  processors  are  used  with  two  of  three 
PMTs  to  collect  and  process  the  pulses  described  above. 
The  specific  algoritluM  employed  depend  upon  the  size 
range  being  measured. 

4.1  The  Small  Particle  Configuration 

In  the  small  particle  configuration  (2  pm  <  d  <  100  pm), 
scattered  light  is  collected  concurrently  by  a  300  pm  signal 
fiber  and  a  100  pm  validation  fiber.  The  light  from  the  300 
pm  signal  fiber  is  filtered  at  the  photodetector  assembly 
within  the  EIB  to  isolate  2.i  =  0.5145  pm  and  the 
corresponding  PMT/preamp  output  is  digitized  by  the 
master  board,  DSPi  (channel  1).  The  light  from  the  100  pm 
validation  fiber  is  filtered  to  isolate  Xj  =  0.4880  pm  and  the 
corresponding  PMT/preamp  output  is  digitized  by  the  slave 
board,  DSP^  (channel  2). 

The  100  pm  and  300  pm  fibers  are  focused  concentrically 
at  the  probe  volume  (i.e.,  the  field  of  view  of  the  100  pm 
fiber  is  fully  contained  within  that  of  the  300  pm  fiber). 
Although  a  detailed  discussion  is  beyond  the  scope  of  this 
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paper,  this  concentric  arrangement  ensures  that  the  300  pm 
fiber  will  collect  the  full  scattered  light  intensity  without 
attenuation  if  scattered  light  is  also  received  by  the  100  pm 
fiber.  Therefore,  the  scattered  intensity  fi-om  the  300  pm 
signal  fiber  at  Xi  =  0.5145  pm  is  used  to  calculate  size  in 
the  Imix  regime  from  d  =  2  to  45  pm  //it  has  been  validated 
by  the  receipt  of  scattered  light  at  X2  =  0.4880  pm  from  the 
100  pm  validation  fiber. 

The  clocking  circuitry  on  DSPi  controls  signal  digitization 
on  both  boards.  Using  an  "OR  gate"  on  DSPi,  both 
digitizers  are  turned  on  or  off  simultaneously  when  the 
input  to  either  board  crosses  a  preset  threshold  voltage. 
Digitization  ends  after  a  preset  time  interval,  called  a  time¬ 
out,  following  the  return  of  the  signal  intensity  below  the 
threshold  voltage.  The  contiguous  sequence  of  digital 
intensity  values,  bounded  in  time  by  the  initial  upward 
threshold  crossing  and  the  end  of  the  time-out,  is  called  a 
record  and  is  stored  in  on-board  memory  along  with  its 
respective  start  time.  Both  processors  are  quiet  (i.e.,  no 
signal  digitization  occurs)  between  the  end  of  a  time-out 
and  the  next  threshold  crossing. 

The  digitizing  clock  frequency  is  set  by  the  system 
software  and  is  based  on  the  maximmn  velocity,  Umax, 
chosen  by  the  instrument  operator.  Available  clock 
frequencies  are  100,  50,  25,  12.5,  6.25,  3.125,  and  1.56 
MHz. 

When  the  allocated  memory  onboard  either  processor  is 
full,  data  collection  stops  and  the  memory  contents  of  DSPi 
and  DSP2  are  analyzed.  During  analysis,  each  record  is 
scanned  from  begiiming  to  end  to  identify  all  intensity 
maxima  and  their  corresponding  time  of  occurrence.  A 
record  may  contain  one  pulse  if  the  particle  was  sufficiently 
small  (i.e.,  the  refraction  and  reflection  pulses  are  merged) 
and  weis  not  followed  by  a  second  particle  within  the  time¬ 
out  period,  or  it  may  contain  many  pulses  depending  upon 
the  size  and  number  density  of  the  particles  in  the  flow. 
The  following  data  is  entered  into  a  software  table  for  each 
pulse:  a)  the  maximum  intensity,  b)  the  start  time  of  the 
record,  and  c)  the  offset  time  of  the  pulse  centroid  (i.e.,  the 
time  at  wdiich  half  of  the  integrated  pulse  intensity  has 
occurred  relative  to  the  start  time  of  the  record).  A  separate 
software  table  is  created  for  each  channel. 

The  next  step  is  to  correctly  group  the  pulses  from  both 
channels.  First,  data  is  retrieved  for  the  first  pulse  in  the 
channel  1  software  table.  Then  data  is  retrieved  for  the  first 
pulse  in  the  channel  2  software  table  with  an  arrival  time 
greater  than  the  channel  1  pulse.  Depending  on  the  peak 
intensity  of  the  channel  1  pulse,  the  two  pulses  are  either 
analyzed  by  Iomx  (where  size  is  calculated  from  the  channel 
1  pulse  intensity  and  the  velocity  is  calculated  from  the 
temporal  spacing  between  the  channel  1  and  2  pulses)  or 
data  for  additional  pulses  is  retrieved  for  analysis  by  PDT. 
Although  the  exact  PDT  procedure  employed  for  data 
analysis  depends  on  the  optical  configuration  used  to  collect 
data,  the  procedure  used  in  the  small  particle  configuration 
is  fundamentally  the  same  as  described  next  for  the  large 
particle  configuration. 


4.2  The  Large  Particle  Configuration 

In  the  large  particle  configuration  (250  pm  <  d  <  6000 
pm),  scattered  light  of  all  wavelengths  is  collected  by  a  2 
mm  X  8  mm  fiber  bundle  and  transmitted  to  the 
photodetector  assembly  within  the  EE.  The  individual  100 
and  300  pm  fibers  are  not  used.  The  probe  volume  in  the 
large  particle  configuration  is  defined  by  the  2  x  8  mm  fiber 
bundle  described  above.  The  30“  collection  angle, 
combined  with  the  173  collection  optics  of  the  receiver, 
allow  the  measurement  of  particle  trajectories  from  the 
surface  of  the  transmitter  aperture  plate  to  ~5  mm  in  front 
of  the  receiver  aperture  plate.  This  is  a  total  probe  volume 
length  along  the  laser  sheets  of  ~15  mm.  (The  total  gap 
between  the  transmitter  and  receiver  is  20  mm.)  The  height 
of  the  probe  volume  is  2  mm  as  defined  by  the  fiber  bundle. 

Within  the  EE,  a  50:50  beamsplitter  directs  half  of  the 
transmitted  light  to  one  PMT  fitted  with  a  =  0.5145  pm 
interference  filter  and  half  to  a  second  PMT  fitted  with  a  X2 
=  0.4880  pm  interference  filter.  Signal  output  from  the  first 
PMT  (detecting  light  of  Li  =  0.5145  pm)  is  digitized  by  the 
master  board,  DSPj  (channel  1).  Signal  output  from  the 
second  PMT  (detecting  light  of  L2  =  0.4880  pm)  is  digitized 
by  the  slave  board,  DSP2  (channel  2).  The  fimctioning  of 
DSPi  and  DSP2  is  the  same  as  described  for  the  small 
particle  configuration,  above. 

PDT  is  used  exclusively  with  the  large  droplet 
configuration  because  the  refraction  and  reflection  pulses 
are  fully  resolved  in  this  size  range  and  the  large  field  of 
view  relative  to  the  dimensions  of  the  laser  sheets  results  in 
pulse  intensities  which  are  trajectory  dependent,  precluding 
the  use  ofiniax. 

In  particular,  the  following  steps  are  taken  during  data 
processing.  Data  for  the  first  two  pulses  in  channel  1  are 
retrieved  from  the  channel  1  software  table.  Then  data  for 
the  first  pulse  in  channel  2  with  an  arrival  time  greater  than 
the  first  channel  1  pulse  is  retrieved  from  the  channel  2 
software  table  along  with  data  for  the  second  pulse  in 
chaimel  2.  Data  for  these  four  pulses  (two  from  each 
channel)  are  considered  to  represent  a  valid  particle  traverse 
if  the  following  criteria  are  met: 

a)  The  velocity  calculated  from  the  temporal  spacing 
between  the  first  pulses  in  each  channel  is  equal  to  the 
velocity  calculated  from  the  temporal  spacing  between  the 
second  pulses  in  each  channel  to  within  a  sufficiently 
small  interval,  s^.,  chosen  by  the  instrument  op)erator. 

b)  The  diameter  calculated  from  the  temporal  spacing 
between  the  two  pulses  in  channel  1  is  equal  to  the 
diameter  calculated  from  the  temporal  spacing  between 
the  two  pulses  in  channel  2  to  within  a  sufficiently  small 
interval,  cj,  chosen  by  the  instrument  operator. 

c)  The  average  velocity  and  diameter  calculated  in  steps  a 
and  b,  respectively,  must  fall  between  the  mininniiTn  and 
maximum  velocity  and  diameter  selected  by  the  operator 
(i.e.,  Umin  ^  U  <  Umax  and  dmin  ^  d  ^  dnux). 

Note  that  if  either  criteria  a  or  b  are  not  met  (i.e.,  if  the 
temporal  separation  between  the  appropriate  pulses  is  not 
equal),  then  the  four  pulses  cannot  belong  to  a  single 
particle  traverse.  If  all  three  criteria  are  met,  the  scattering 
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event  is  valid  and  the  average  velocity  and  diameter  are 
stored. 

5.  EXPERIMENTAL  RESULTS 

This  section  describes  the  results  of  experimental  studies 
performed  with  the  instrument  operating  in  both  the  small 
and  large  particle  configurations.  The  results  of 
measurements  taken  with  a)  a  monodisperse  droplet 
generator  operating  in  both  a  continuous-stream  mode  and 
an  induced  spray  mode,  b)  a  humidifier,  and  c)  glass 
spheres  are  presented  and  discussed. 

All  experimental  results  presented  here  were  made  at  a 
laser  power  (all  lines)  of  280  mW  at  the  point  of 
measurement.  In  all  cases,  the  laser  sheets  of  Xi  =  0.5145 
pm  and  Xi  =  0.4880  pm  were  separated  by  103  pm;  the 
sheet  waists  were  20  pm;  the  collection  angle,  9,  was  30°; 
and  the  collection  f-number  was  3. 

6.  SMALL  PARTICLE  RESULTS 

The  experimental  results  discussed  in  this  section  were 
obtained  with  the  instrument  in  the  small  particle 
configuration  using  an  electronic  threshold  of  5  mV. 

Monodisperse  results.  Measurements  were  made  on 
water  droplets  (n2  =  1.33)  generated  with  an  Aerometrics 
monodisperse  droplet  generator  (model  MDG-100).  The 
MDG-100  was  operated  with  a  20  pm  orifice,  a  water  flow 
rate  of  0.2  ml/minute,  and  was  driven  with  a  20  volt  peak- 
to-peak  square  wave  at  various  excitation  frequencies 
(depending  on  the  desired  droplet  size).  The  MDG-lOO 
head  was  mounted  on  a  three-axis  traverse  to  allow  precise 
placement  of  the  droplet  stream  during  measurements. 
Actual  droplet  diameter,  da,  to  which  the  measured  droplet 
diameter  was  compared  in  each  case,  was  calculated  from 
the  following  relationship; 

d^  =  IbQ/TCvjl^,  (7) 

where  Q  is  the  volume  flow  rate  and  v  is  the  excitation 
frequency  applied  to  the  20  pm  orifice. 

Beginning  with  measurements  made  with  PDT  in  the  size 
range  from  45  to  100  pm.  Figure  5  shows  the  velocity  and 
size  histograms  for  a  continuous  droplet  stream  with  da  = 
65.7  pm  at  V  =  22.5  kHz  (n  =  1000).  The  droplet  stream 
was  directed  through  the  center  of  the  probe  volume  for  the 
entire  test.  Although  the  nearly  exact  match  between  the 
measured  diameter  (65.8  pm)  and  the  actual  diameter 
(65.7  pm)  is  fortuitous  in  this  case,  it  is  clear  that  the 
instrument  is  measuring  nearly  single  bin  velocities  and 
diameters  with  excellent  precision. 

Measurements  made  with  the  Imax  technique  in  the  size 
range  from  2  to  45  pm  required  a  different  eqjproach. 
Although  the  MDG-100  can  produce  40  pm  droplets,  well 
within  the  Imax  size  range,  the  spacing  between  adjacent 
droplets  is  too  small,  placing  more  than  one  droplet  in  the 
probe  volume  at  all  times.  Therefore,  the  MDG-lOO  was 
operated  under  conditions  identical  to  those  used  to  produce 
Figure  5  (d«  =  65.7  pm  at  v  =  22.5  kHz)  but  the  PMTs  were 
operated  at  a  lower  gain.  This  resulted  in  channel  1  and  2 


refiaction  pulse  amplitudes  of  2.8  ±  0.2  volts,  equivalent  to 
the  amplitude  of  a  droplet  with  d  =  33.5  ±  1.2  pm.  Thus, 
the  reduction  in  PMT  gains  made  the  65.7  pm  droplet 
stream  look  artificially  like  a  stream  of  33.5  pm  droplets, 
invoking  the  Imax  algorithm  during  data  analysis. 

Figure  6  shows  the  velocity  and  size  histograms  taken 
with  reduced  PMT  gains.  Sample  size  was  n  =  34,464. 
The  measured  mean  diameter  of  32.70  pm  is  within  the 
uncertainty  for  the  measured  amplitude  of  the  refiaction 
pulse. 

Figure  7  shows  the  velocity  and  size  histograms  for  a  run 
taken  under  the  same  conditions  used  to  obtain  Figure  6 
except  that  the  droplet  stream  was  traversed  throughout  the 
probe  volume  as  the  run  progressed.  Note  that  the  mean 
velocity  (9.74  m/s)  is  identical  and  the  mean  diameter 
(3 1 .96  pm)  is  within  2%  of  the  results  shown  in  Figtire  6. 

To  produce  a  spray  of  monodisperse  droplets  of  known 
size,  the  droplet  stream  from  the  MDG-100  was  diverted 
into  the  probe  volume  using  a  jet  of  catmed 
tetrafluoroethane,  resulting  in  random  droplet  trajectories. 
The  MDG-lOO  was  operated  at  v  =  33  kHz  to  produce 
droplets  of  d,  =  57.8  pm.  This  induced-spray  method 
produced  the  results  shown  in  Figure  8.  The  intermittent 
nature  of  the  gas  jet  used  to  divert  the  droplets  into  the 
probe  volume  produced  a  broadened  velocity  distribution 
about  a  mean  of  6.42  m/s  (n  =  200).  The  diameter 
distribution  was  also  broadened  (dnm  =  6.57  pm)  due  to 
possible  droplet  fragmentation  and  coalescence  from  the 
disruptive  gas  jet.  However,  85%  of  the  droplets  sampled 
had  measured  diameters  within  5%  of  the  mean,  and  the 
mean  diameter  of  d  =  56.36  pm  is  only  2.5%  less  than  the 
actual  diameter  of  da  =  57.8  pm. 

Humidifier  results.  A  spray  of  polydisperse  droplets 
was  produced  using  a  commercial  humidifier  (Sunbeam 
Cool  Spray  Style  47)  designed  for  use  in  the  home.  The 
effluent  from  the  humidifier  was  directed  into  the  probe 
volume  using  1/4  inch  diameter  flexible  tubing  to  create  a 
higher  velocity  stream  than  is  produced  by  the  humidifier 
during  normal  use. 

Figure  9  shows  the  results  of  the  spray  measurements. 
Although  no  independent  data  were  obtained  regarding  the 
size  distribution  of  droplets  produced  by  the  humidifier, 
such  devices  typically  produce  droplets  with  a  mean 
diameter  between  3  and  5  pm.  The  measured  mean  of  d  = 
5.45  pm  is  just  beyond  this  range  possibly  because 
measurements  were  truncated  at  2  pm,  the  small  diameter 
limit  of  the  current  configuration.  Had  the  instrument  been 
configured  to  measure  sizes  below  2  pm.  Figure  9  indicates 
the  measured  mean  may  have  been  smaller. 

Large  particle  results.  The  experimental  results 
discussed  in  this  section  were  obtained  with  the  instrument 
in  the  large  particle  configuration  using  an  electronic 
threshold  of  100  mV. 

Measurements  were  made  using  glass  spheres  (n2  =  1.51) 
purchased  from  Duke  Scientific  Corp.  Two  diameters  were 
used  in  the  work  reported  here:  1016  ±  60.4  pm  (catalog 
#438)  and  2022  ±  127  pm  (catalog  #439).  (The  quoted  size 
tolerances  are  ±  2  standard  deviations  from  the  mean  as 
certified  by  Duke  Scientific  Corp.)  The  glass  spheres  were 


6.1.5. 


attached  to  the  perimeter  of  a  101.4  mm  diameter  disk  with 
a  minimum  amount  of  liquid  adhesive.  The  disk  was  spun 
at  29  ±  1  Hz  to  create  particle  velocities  of  9.2  ±  0.3  m/s. 
The  disk  and  motor  were  mounted  on  a  three-axis  traverse 
to  allow  the  precise  placement  and  movement  of  the  particle 
trajectory  throughout  the  probe  volume  during 
measurements.  Note  that  the  individual  1016  ±  60.4  pm 
and  2022  ±  127  pm  glass  spheres  measured  by  PDT  are 
referred  to  as  1000  pm  and  2000  pm  glass  spheres, 
respectively,  in  the  discussion  to  follow. 

Figure  10  shows  velocity  and  size  histograms  for  a 
2000  pm  glass  sphere  traversing  the  probe  volume  midway 
between  the  transmitter  and  receiver  (i.e.,  10  mm  from 
either)  and  centered  on  the  1.2  mm  height  of  the  laser 
sheets.  Size  (2118.4  pm),  velocity  (9.1  m/s),  and  data  rate 
(30  Hz)  fall  within  the  uncertainties  defined  above  for  each 
parameter.  The  rms  velocity  and  size  are  both  0.4%  of  their 
respective  means. 

Figure  11  shows  the  result  of  varying  the  rotational 
velocity  of  the  spinning  disk.  Except  for  the  variable 
velocity,  the  data  shown  in  Figure  1 1  was  collected  under 
the  same  experimental  conditions  used  to  obtain  Figure  10 
(the  same  2000  pm  glass  sphere  was  used  in  both  cases). 
The  velocity  histogram  shows  a  range  of  velocities  from  ~6 
to  14  m/s  with  an  rms  velocity  (2.18  m/s)  equal  to  21%  of 
the  mean  velocity  (10.32  m/s).  In  contrast,  the  size 
histogram  depicts  a  much  narrower  size  distribution  with  an 
rms  diameter  (22.8  pm)  equal  to  only  1.1%  of  the  mean 
diameter  (2091.6  pm).  In  turn,  this  mean  diameter  is 
within  1.3%  of  the  mean  diameter  measured  at  constant 
velocity  (21 18.4  pm.  Figure  10). 

Figure  12  shows  the  result  of  varying  the  trajectory  of  the 
2000  pm  glass  sphere  along  the  2  mm  height  of  the  probe 
volume  at  a  constant  distance  midway  between  the 
transmitter  and  receiver  (i.e.,  10  mm  from  either).  Except 
for  the  variable  trajectory,  the  data  shown  in  Figure  12  were 
collected  under  the  same  experimental  conditions  used  to 
obtain  Figure  10  (the  same  2000  pm  glttss  sphere  was  used 
in  both  cases).  Figure  12  shows  that  varying  the  trajectory 
of  the  glass  sphere  along  the  height  of  the  probe  volume 
broadened  both  the  velocity  and  size  distributions  while 
keeping  the  velocity  mode  and  diameter  mode  imchanged 
relative  to  Figure  10.  Note,  however,  that  the  mean  velocity 
increased  1.1%  (9.19  m/s  vs.  9.09  m/s)  while  the  mean 
diameter  decreased  4.9%  (2014.6  pm  vs.  21 18.4  pm).  As 
is  clearly  shown  in  Figures  10  and  12,  the  velocity 
distribution  broadened  nearly  equally  about  the  velocity 
mode  while  the  size  histogram  broadened  principally 
toward  smaller  sizes  only.  The  measured  sizes  less  than  the 
mode  in  Figure  12  occurred  only  when  the  glass  sphere  was 
traversed  through  the  edges  of  the  elongated  laser  sheets. 

Figure  13  shows  the  result  of  varying  the  trajectory  of  a 
2000  pm  glass  sphere  along  the  direction  of  propagation  of 
the  laser  sheets  from  1  mm  in  front  of  the  transmitter  to  5 
mm  in  front  of  the  receiver  at  a  constant  sheet  height  (i.e., 
through  the  central,  most  intense  portion  of  the  sheets). 
Note  that  data  shown  in  Figures  13  were  collected  with  a 
different  2000  pm  glass  sphere  than  was  used  to  generate 
data  shown  in  the  other  figures.  For  comparison,  the  same 


glass  sphere  was  also  measured  at  a  constant  trajectory 
through  the  center  of  the  laser  sheets,  midway  between  the 
transmitter  and  receiver.  (Histograms  for  the  constant 
trajectory  case  are  not  shown.)  Figure  13  shows  a  4.8% 
increase  in  measured  mean  velocity  (9.49  m/s  vs.  9.06  m/s) 
and  an  8.6%  increase  in  measured  mean  diameter  (2257.1 
pm  vs.  2079. 1  pm)  relative  to  the  constant  trajectory  case. 
The  higher  means  in  Figure  13  are  a  result  of  higher 
velocities  and  sizes  measured  only  when  the  glass  sphere 
was  traversed  near  either  edge  of  the  probe  volume  (i.e., 
near  the  qrerture  plates). 

Lastly,  Figure  14  shows  the  results  of  measuring  both  a 
1000  pm  and  2000  pm  sphere  attached  to  the  same  spinning 
disk.  (The  2000  pm  sphere  is  the  same  one  measured  in 
Figures  10,  11,  and  12.)  The  trajectory  was  held  constant 
and  was  set  to  traverse  both  spheres  through  the  probe 
volume  midway  between  the  transmitter  and  receiver.  Of 
the  1000  samples  taken,  513  samples  fell  into  bin  10 
encompassing  the  size  range  from  987  to  1067  pm,  479 
samples  fell  into  bin  23  encompassing  the  size  range  from 
2025  to  2105  pm,  and  eight  samples  fell  into  immediately 
adjacent  bins..  (The  unequal  number  of  samples  in  bins  10 
and  23  is  an  artifact  of  the  500  pm  displacement  in  lateral 
trajectory,  orthogonal  to  the  direction  of  propagation  of  the 
laser  sheets,  taken  by  one  glass  sphere  relative  to  the  other 
because  of  their  500  pm  difference  in  radius.)  The 
resulting  mean  size  was  1528.7  pm.  The  nearly  single  bin 
resolution  for  both  the  1000  and  2000  pm  spheres  is  clearly 
demonstrated. 

7.  SUMMARY  AND  CONCLUSIONS 

This  paper  has  described  a  miniaturized  particle  sizing 
velocimeter  developed  and  built  by  MetroLaser  to  measure 
the  spatial  and  temporal  distributions  of  particle  size  and 
velocity.  By  combining  PDT,  the  Imax  particle  sizing 
technique,  and  a  time-of-fight  velocity  measuring  technique, 
the  instrument  provides  detailed  distributions  of  particle 
size  from  2  pm  to  6000  pm  and  particle  velocity  from  0.5 
m/s  to  150  m/s.  The  instrument  is  small  enough  to  fit  in  the 
palm  of  a  hand  and  operates  with  negligible  flow 
disturbance.  It  is  rugged  enough  to  withstand  harsh 
environments  characterized  by  high  ambient  moisture 
levels,  high  noise  and  vibration  levels,  and  wide  swings  in 
ambient  temperature. 

PDT  depends  on  a  handful  of  parameters  which  are 
readily  defined,  allowing  a  fast  and  accurate  calculation  of 
size  using  analytical  relationships  presented  in  this  paper. 
These  parameters  include  index  of  refraction,  collection 
angle,  and  particle  velocity.  Although  the  current 
instrument  uses  a  two-color  "time-of-flight"  technique  to 
measure  velocity,  PDT  is  also  compatible  with  other 
velocity  measuring  techniques  such  as  laser  Doppler 
velocimetry. 

As  currently  implemented,  the  lower  size  limit  of  PDT  is 
~1.5  times  the  laser  sheet  width  which,  in  the  present  case, 
would  anchor  dmin  at  ~30  pm  if  PDT  were  implemented 
alone;  however,  the  lower  limit  was  successfully  extended 
to  2  pm  by  combining  PDT  and  the  Imax  technique. 
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The  use  of  two  multimode  optical  fibers  and  a  fiber 
bundle  has  resulted  in  a  receiver  with  unity  magnification, 
allowing  the  measurement  of  particle  sizes  from  2  pm  to 
6000  pm  in  two  ranges  with  only  a  minor  change  to  the 
optical  configuration  of  the  probe. 

The  processing  of  PDT  data  is  achieved  quickly  and 
accurately  with  commercially  available  computer  hardware 
and  digital  signal  processing  boards,  and  the  use  of 
MetroLasefs  proprietary  software.  All  data  collection  and 
data  processing  parameters  are  defined  by  the  operator  via 
software. 

Experimental  results  obtained  with  a  droplet  generator 
operating  in  both  a  continuous-stream  mode  and  an  induced 
spray  mode,  a  humidifier,  and  glass  spheres  were  presented 
and  demonstrate  the  accuracy  and  versatility  of  the 
instrument. 
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FIG.  1.  SINGLE  RECEIVER,  DUAL  WAVELENGTH 
CONFIGURATION. 
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FIG.  2.  SIMULATED  REFRACTION  AND  REFLECTION 
PULSES.  PARTICLE  SIZE  =  500  pm,  SHEET  SEPARATION 
=  100  pm. 


FIG.  3.  DROPLET  SCATTERING  REFRACTED  AND 
REFLECTED  LIGHT  INTO  AN  ANGLE  9. 


FIG  4  SCHEMATIC  OF  MINIATURIZED  PARTICLE 
SIZING  VELOCIMETER. 
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FIG.  5.  VELOCITY  AND  SIZE  HISTOGRAMS  FOR  65.8  fjm 
DROPLETS  (CONSTANT  TRAJECTORY). 
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FIG.  6.  VELOCITY  AND  SIZE  HISTOGRAMS  FOR  SIMULATED 
33.5 //m  DROPLETS  (CONSTANT  TRAJECTORY). 
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fig.  7.  VELOCITY  AND  SIZE  HISTOGRAMS  FOR  SIMULATED 
33.5  ;/m  DROPLETS  WITH  VARIABLE  TRAJECTORY. 
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FIG.  8.  VELOCITY  AND  SIZE  HISTOGRAMS  FOR  A  SPRAY  OF 
57.8  ;/m  DROPLETS  WITH  RANDOM  TRAJECTORIES. 
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FIG.  9.  VELOCITY  AND  SIZE  HISTOGRAMS  FOR  A 
POLYOISPERSE  DROPLETS  PRODUCED  WITH  A  HUMIDIFIER. 
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FIG.  10.  VELOCITY  AND  SIZE  HISTOGRAMS  FOR  A  2000  iffn 
GLASS  SPHERE  (CONSTANT  TRAJECTORY  &  VELOCITY). 
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FIG.  1 1 .  VELOCITY  AND  SIZE  HISTOGRAMS  FOR  A  2QOO  fnn 
GLASS  SPHERE  WITH  VARIABLE  VELOCITY. 
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FIG.  12.  VELOCITY  AND  SIZE  HISTOGRAMS  FOR  A  2000 
GLASS  SPHERE  WITH  VARIABLE  LATERAL  TRAJECTORY. 
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FIG.  13.  VELOCITY  AND  SIZE  HISTOGRAMS  FOR  A  2000  pm 
GLASS  SPHERE  WITH  VARIABLE  AXIAL  TRAJECTORY. 


Velocity  1  (bxs)  Size  (Bicrons) 

FIG.  14.  VELOCITY  AND  SIZE  HISTOGRAMS  FOR  lOOOpm 
AND  2000  pm  GLASS  SPHERES. 


6.1.8. 


DETERMINATION  OF  SUBMICRONIC  PARTICLE  SIZE 
BY  ANALYSIS  OF  LIGHT  SCATTERED  BY  A  GAS  STREAM. 
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ABSTRACT 

Determining  the  size  distribution  of  a 
cloud  of  submicronic  particles  is  a  problem 
often  encountered  in  combustion  or  fluid 
mechanics. 

We  are  interested  in  putting  into  evidence 
the  presence  of  condensation  nuclei  in  the 
atmosphere,  which  generate  water  drops 
projected  on  gas  turbines  vanes  at  Mach  1. 
The  condensation  nuclei  diameters  range 
from  0.02  to  0.2  pm.  The  scattering  figure  of 
a  polarized  light  through  a  cloud  of  particles 
depends  on  the  wavelength  used,  the 
complex  index  and  the  particle  diameters. 
The  size  parameter  a  =  %T)l'k  is  of  utmost 
importance. 

In  the  case  of  small  particles,  we  have 
chosen  to  illuminate  the  cloud  at  a  small 
wavelength  in  order  to  work  within  Mie's 
domain  (0.1  <  a  <  5)  in  which  the  scattering 
figure  in  polarized  light  depends  on  the 
particle  diameters.  An  Argon  laser  provides 
a  visible  coherent  light. 


The  particle  velocity  being  very  high 
(around  600  m/s),  the  picture  must  be  taken 
very  quickly  (shutter  opening  time  100  ns). 

The  ratio  between  file  perpendicular  and 
parallel  components  of  the  energy  received 
by  the  camera  is  a  direct  function  of  the 
diameter  of  the  particles  observed.  The 
shutter  opening  time  being  very  short,  the 
energy  received  on  the  CCD  matrix  is  very 
weak.  An  intensified  camera  is  thus 
necessary  to  carry  out  this  study.  Despite  the 
intensification  which  allows  for  counting  the 
photons  scattered  by  the  particles  almost  one 
by  one,  the  quantity  are  noisy  because  the 
number  of  photons  scattered  during  the 
shutter  opening  time  is  around  a  few  dozens 
and  depends  on  a  statistical  distribution 
which,  at  first  approximation,  tends  towards 
Poisson's  law. 

The  results  allow  us  to  have  a  size 
distribution  of  a  scene.  We  are  at  present 
trying  to  improve  the  signal/noise  ratio  in 
order  to  decrease  the  data  acquisition  time. 


6.2.1. 


1.  INTRODUCTION 

The  determination  of  submicronic 
particle  size  distribution  is  a  problem  often 
encoimtered  in  combustion  and  fluid 
mechanics. 


The  total  scattered  power  in  a  solid  angle  dO 
is; 

Pdv  =  ^ 

4  7t 


An  industrial  application  is  to  examine 
the  influence  of  atmospheric  particles  on  the 
icing  of  gas  turbines.  In  some  particular 
atmospheric  conditions,  these  particles  act  as 
condensation  germs  and  melt  into  liquid 
drops  creating  risks  of  icing  at  the  first  stage 
of  the  compressor.  These  nuclei  generated 
by  condensation  are  projected  at  MACH  1 
speed  on  gas  turbine  blades. 

Non  intrusive  measures  are  necessary  to 
know  the  number  and  size  of  particles  in  the 
flow. 

The  diameters  of  these  nuclei  of 
condensation  are  between  0.02  and  0.2  pm 
as  shown  by  Kleitz  and  Boulaud  (1995).  A 
scattered  light  diffusion  picture  through  a 
particle  cloud  depends  on  the  wavelength 
used,  the  complex  refractive  index  and  the 
diameter  of  particles.  The  main  parameter  is 
the  size  parameter  a  =  tcD/X,.  To  use  Mie's 
theory  with  those  small  particles,  we  chose 
to  light  up  the  cloud  with  a  short 
wavelength.  An  ARGON  laser  provides  a 
visible  coherent  light. 

2.  PHYSICAL  PRINCIPLE 

A  light  diffracted  by  a  particle  supposed 
to  be  spherical  is  scattered.  At  a  given  angle, 
the  ratio  of  the  parallel  and  perpendicular 
components  of  the  energy  received,  or 
scattering  ratio,  depends  on  the  particle  size 
[9]  [10]  and  the  refractive  index. 

2.1  Mie’s  theory  recalls 

The  intensity  scattered  by  a  spherical 
particle  on  which  an  intensity  radiance  of  lo 
is  sent  in  the  spherical  polar  angles  (0,(p)  is 
called  ldiff(0,(p). 


where  r  stands  for  the  distance  between  the 
source  and  the  detector. 

A  d  diameter  spherical  particle  with  a 
complex  refractive  index  n,  located  at  the 
top  of  a  direct  trihedron,  interacts  with  a 
plane  wave  which  is  propagated  toward  the 
positive  (Oz),  defined  by  the  electrical  field 
E  =  Ex  ox,  of  wavelengdi  X.  The  scattered 
light  is  observed  at  point  (P),  at  a  distance  r 
»  X  (Fig.l).  It  is  made  up  of  two 
components:  one  for  which  the  electrical 
field  vector  vibrates  in  the  plane  formed  by 
the  OZ  propagation  direction  and  the  OP 
observation  direction;  the  other  for  which 
the  electrical  field  vector  vibrates  in  the 
perpendicular  plane. 


Fig  1:  Scattered  light  by  a  spherical  particle 
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Fig  2:  Polarisation  ratio  of  scattered  light 
versus  size  parameter  and  observation  angle 
for  aNr=1.33+le-5i  particle 


6.2.2, 


Fig  3:  Scattering  ratio  versus  size  parameter 
and  observation  angle 
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Fig  4:  Scattering  ratio  versus  size  parameter 
and  particle  imaginary  refractive  index 


scattering  ratio  little  depends  on  it.  The 
particle  size  can  be  then  established  without 
a  doubt. 
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Fig  6  ;  Complex  index  of  atmospheric 
particles  versus  wavelength 


100 

90 

80 

70 

a  ® 

^  50 

1  40 

ui  30 
20 
10 


0 

Fig  5:  Scattering  ratio  versus  size  parameter 
and  particle  real  refractive  index 
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At  wavelength  488  nm,  the  water  particle 
complex  refractive  index  value  is  about 
1.530-0.005i  (Fig.6)  has  been  reported  by 
Willeke  and  Baron  (1992).  The  inaccuracy 
of  this  value  is  not  really  important  as  the 


2.2  Equipment 
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Fig  7:  Experimental  system 


camera 


The  observed  zone  is  the  intersection  of  the 
LASER  beam  (focused  or  not)  and  the  zone 
aimed  by  the  system  shown  on  picture  7. 

The  particles  speed  is  high,  about  300m.s  \ 
so  the  picture  must  be  acquired  very  fast. 


The  polarisation  ratio  of  the  scattered 
light  is  a  function  of  the  particle  diameter 
(Cf.fig2,  3). 
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Aperture  time  of  the  camera  is  veiy  short, 
so  the  energy  which  comes  on  the  CCD  is 
low.  An  intensified  camera  is  necessary  for 
this  study.  But  if  the  camera  allows  for  the 
counting  of  scattered  photons  almost  one  by 
one,  the  pictures  are  noisy  because  the  few 
(about  ten)  scattered  photons  depend  on  a 
statistic  distribution  which  seems,  on  first 
approximation,  to  follow  Poisson's  law.  This 
technique  has  been  patented  by  HERVE 
(1995). 

Kaufinan  and  Tekalp  (1991)  have  shown 
the  way  to  treat  the  picture  before  any 
interpretation.  As  the  spectral  density  of  the 
noise  is  a  priori  known,  non  parametric 
methods  are  usable  as  described  by  Kunt 
(1993). 

3.  RESULTS 

3.1  0.451  pm  diameter  LATEX  balls 

We  worked  with  monodispersed 
spherical  LATEX  particles  of  0.451  micron 
diameter.  By  a  direct  measure  of  the 
histogram,  we  have  calibrated  the 
experiment.  We  have  found  a  0.35  pm 
diameter,  and  a  spread  size  band.  The 
precision  of  the  measure  is  about  20  percent. 
We  can  optimize  this  precision  by  modifying 
the  scattering  angle  and  the  sensitivity 
function. 

3.2  particles  in  a  gas  stream 

Tests  have  been  carried  out  in  the 
laboratory.  Picture  8  represents  the 
superposing  of  the  parallel  and 
perpendicular  components,  obtained  by  the 
system  previously  described.  After  applying 
convolution  by  different  numeric  filters 
(Average  filter.  Median  filter,  ...),  we  get  a 
restored  picture  of  the  parallel  component 
(in  green)  and  the  perpendicular  component 
(in  red),  spatially  shifted.  A  translation 
vector  can  be  determined  by  maximizing 
autocorrelation  function  as  shown  by 
Draayer  and  Carhart  (1994).  It  gives  the  way 


fi’om  the  parallel  component  to  the 
perpendicular  one.  The  curve  of  the  particle 
number  versus  the  scattering  ratio  is  given 
by  the  scanning  of  the  picture.  Then  using 
the  curve  of  figure  2,  the  size  parameter  is 
determined  (Fig  10).  Knowing  the  incident 
light  wavelength,  the  distribution  can  be 
calculated  (Fig  1 1  and  12). 


Fig  8;  Brute  picture  before  treatment 


Fig  9;  Restored  picture. 


Fig  10:  Number  of  particles  versus  size 
parameter. 
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Fig  12:  virtual  rebuilt  picture. 


4.  CONCLUSION 

This  system  of  measurement  allows  to  get 
a  spatial  view  of  submicronic  particle 
distribution.  That  is  equivalent  to  an  optical 
microscope  with  a  resolution  ability  of  about 
100  A,  which  is  impossible  because  of  the 
diffraction  of  light. 

The  lower  limit  of  distribution  size  is,  at 
present,  about  200  A. 

If  the  angle  of  measurement  is  between  80° 
and  89°,  it  is  possible  to  optimize  the 
precision  of  measurements  for  a  diameter 
range  between  200  A  and  2000  A.  We  work 
with  a  typical  20  percent  precision. 
Measurements  carried  out  with  laboratory 
atmosphere  particles  at  scattered  angle  of 
84°,  show  the  presence  of  submicronic 
particles  of  2800  A  size. 

Fast  data  acquisition  and  treatment  are  in  the 
process  of  development,  to  see  the  particle 


size  evolution  in  real  time.  Conversely,  we 
study  the  theory  for  cylindrical  particles  and 
axial  symmetric  particles  for  application  to 
bacteria  detection  and  identification. 


NOMENCLATURE 


dQ 

Solid  angle 

(sr) 

r,  0,  (p  Spherical  coordinates 

(m,rad,rad) 

X,  Y,  Z  Cartesian  coordinates 

(m,m4n) 

Pdiff 

Scattered  power 

(W) 

IdifF 

Scattered  intensity 

(W/m^  sr) 

E 

Electrical  field 

(V/m) 

D 

Diameter 

(m) 

Wavelength 

(m) 

0 

Origin 

a 

Size  parameter 
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ABSTRACT 

For  laser  Doppler  (LDA)  and  phase  Doppler  anemom- 
etry  (PDA)  measurements  with  submicrometer  parti¬ 
cles  lasers  with  wavelengths  between  240nm  and  280nm 
have  advantages  over  Icisers  that  emit  visible  radiation. 
The  main  advantage  is  the  higher  signal-to-noise  ratio 
(SNR)  obtainable,  since  the  scattered  power  is  signifi- 
ccintly  increased  at  shorter  wavelengths.  Furthermore, 
for  PDA  the  capability  of  making  size  class  distinc¬ 
tions  in  the  submicrometer  size  range  is  improved,  as 
shorter  wavelengths  lead  to  steeper  phase  difference-to- 
diameter  relationships.  In  particular,  the  use  of  ultra¬ 
violet  (TJV)  laser  light  enables  the  size  class  distinction 
between  0.1/im  and  0.2um  particles,  that  is  not  possi¬ 
ble  when  using  visible  radiation.  The  feasibility  of  per¬ 
forming  laser  Doppler  and  phcise  Doppler  anemometry 
measurements  with  ultraviolet  laser  light  is  confirmed 
by  experiments. 

1  INTRODUCTION 

Laser  Doppler  and  phase  Doppler  anemometers  typi¬ 
cally  use  He-Ne  or  argon  ion  lasers,  i.e  the  wavelengths 
633nm,  514nm,  or  488nm.  Laser  diodes  emitting  at  in¬ 
frared  wavelengths,  e.g  820nm,  are  also  frequently  used. 
For  particles  larger  than  the  wavelength,  the  scattering 
cross  section  Csca-i  defined  as  the  ratio  of  total  scattered 
power  to  laser  intensity  in  the  probe  volume  lo 

peot 

C.ca  =  (1) 

Jo 

is  in  approximation  proportional  to  the  square  of  the 
particle  diameter  dp. 

Csca  oc  dp  (2) 

Therefore,  for  particles  larger  than  about  Ifim,  only 
the  output  power,  and  not  the  wavelength,  of  a  laser 
is  relevant  to  the  totcil  scattered  power.  For  particles 


smaller  than  the  wavelength  A  the  scattering  cross  sec¬ 
tion  becomes  a  function  also  of  the  wavelength  and  can 
be  approximated  by  [1] 

GcaOc(^)'  (3) 


Figure  1:  Scattering  cross  section  Csca  as  a  function  of 
the  ratio  particle  size  to  wavelength  dp/ A  (plotted  for 
refractive  index  m=:1.6) 

This  abrupt  transition  from  Csca  oc  {dpIXf  to  C^ca  oc 
dp  at  dp  Rs  A  is  shown  in  fig.  1,  where  the  scattering 
cross  section  is  plotted  logarithmically  as  a  function  of 
the  ratio  dp/A. 

In  the  present  work  particles  as  small  as  0.1pm  are  of 
interest.  Fig.  1  makes  clear  that  even  when  using  a 
powerful  argon  ion  laser  at  A  =  514nm,  the  scattered 
power  from  a  0.1pm  (dp/A  =  0.2)  particle  becomes  very 
smciU,  making  a  reduction  of  the  wavelength  necessairy. 
This  paper  shows  that  the  use  of  \iltraviolet  (UV)  laser 
light  is  a  logical  and  viable  alternative. 

The  rest  of  the  paper  discusses  the  theory  of  UV-based 
LDA  and  PDA-systems  and  presents  experimental  re¬ 
sults  that  demonstrate  the  feasibility  of  LDA  and  PDA 
with  ultraviolet  light. 


6.3.1 


2  THEORY  OF  LDA  AND  PDA  FOR 
SUBMICROMETER  PARTICLES; 
COMPARISON  GREEN-UV 

In  this  section  a  detailed  cincJysis  is  given  of  how  us¬ 
ing  UV  (257nm)  light  for  submicrometer  particles  will 
improve 

1.  the  detectability,  i.e.  the  SNR,  of  the  Doppler 
signals. 

2.  the  phase  difference-to-diameter  relationship,  re¬ 
ferred  to  as  the  phase-diameter  relationship  in 
the  following. 

3.  the  particle  concentration  at  which  PDA  mea¬ 
surements  can  still  be  performed. 

2.1  Improvement  of  the  detectabil¬ 
ity  of  submicrometer  particles 
using  UV-light 

For  submicrometer  particles  down  to  0.1pm,  which  are 
of  interest  in  this  paper,  the  scattered  power  and  the 
SNR  become  so  small,  that  it  is  very  difficult  to  obtain 
processable  Doppler  signals. 

The  aim  in  this  section  is,  therefore,  to  estimate  theo¬ 
retically  the  SNR  of  Doppler  signals  when  using  a  pho¬ 
tomultiplier  (PM)  ^  as  a  function  of  scattered  power 
and  signal  frequency  only.  This  is  done  by  calculating 
the  combined  SNR  due  to  quantum  fluctuations  in  the 
light  scattering  process  and  due  to  the  photomultiplier 
itself. 

Theoretical  SNR  estimate  for  photomultipliers 

The  SNR  of  a  photomultiplier  (PM)  can  be  estimated 
by  dividing  the  mean  signal  current  by  the  root  of 
the  sum  of  mean  square  shot  noise  mean  dark  count 
noise  and  mean  square  thermal  noise  i|,. 

SNRpm  =  ^  (4) 

V  in  -I-  Z'd  +  4 

The  mean  signal  current  Zj  produced  by  a  Doppler 
burst  is 


G:  gain  of  PM 
V:  signal  visibility. 

The  factor  1/a/2  accounts  for  the  fact  that  the  Doppler 
signal  is  an  oscillating  signal.  Zc  is  the  mean  phococath- 
ode  current  and  is  given  by 

^Avalanche  Photodiodes  (APD)  are  not  considered  here. 


P.<:  power  scattered  on  to  photocathode 

h:  Planck’s  constcint 

i':  laser  light  frequency 

riQ  ■  quantum  efficiency  of  photocathode 

e:  electron  charge 


The  term  Ps  ■nq/ih-i’)  represents  the  number  of  pho¬ 
tons  detected  per  iniit  time. 

The  mean  square  shot  noise  Zn  of  a  PM  is  given  by 

zl  =  •  2e  ■  ic  •  A/  (7) 


A/  is  the  bandwidth  of  the  electronics  and  is  usually 
equivalent  to  the  Doppler  frequency  /n  of  the  max¬ 
imum  velocity  one  wants  to  measure.  Similarly,  the 
mecin  dark  coimt  noise  z'^  is  given  by 


il  =  G  -26 -hd-e-  A/ 

nd'.  dark  counts  per  second 

The  mean  square  thermal  noise  is  given  by 

2  _  AksT 


(8) 

(9) 


where  ks  is  Boltzmann’s  constant,  T  the  temperature, 
and  Rl  the  load  resistance. 

Putting  equations  5,  6,  7,  8,  and  9  together,  the  SNR 
of  a  PM  can  be  given  as 


SNRpm  = 


a  ^  v-Psvq^ 

^  hi' 


(10) 

In  eq.lO  most  values  are  the  same  for  green  and  UV 
light.  The  exceptions  are  P„  Af.  How  these  four 
values  differ  for  green  and  UV  light  will  be  discussed 
below. 


Factors  influencing  the  comparison  green— UV 

The  main  advantage  of  using  UV-light  is  the  increase 
in  the  scattered  power  P^.  According  to  eq.3,  at  257nm 
wavelength,  the  scattered  power  is  about  16  times  larger 
than  at  514nm  up  to  dp  k  0.5pm,  assuming  equal  light 
intensities  in  the  probe  volume.  While  this  is  a  conve¬ 
nient  assumption  with  which  to  start,  it  is  unrealistic 
when  comparing  light  scattering  and  detection  of  UV 
and  green  light  relevant  to  LDA  and  PDA.  The  follow¬ 
ing  factors,  therefore,  have  to  be  taken  into  account: 

1.  Continuous  wave  (cw)  laser  sources  generally  de¬ 
liver  less  power  when  emitting  ultraviolet  rather 
than  visible  radiation. 

The  UV  laser  source  considered  in  this  paper,  for 
example,  was  an  argon  ion  laser  with  a  built-in 
frequency  doubhng  crystal  ^  to  convert  radiation 
in  the  green  line  to  UV.  It  produced  about  10 
times  less  output  power  at  257nm  than  at  514nm 
at  equal  plasma  tube  currents. 

^Coherent  Innova  FReD  300 
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2.  Since  the  fringe  spacing  Ax  in  the  probe  volume 
is  given  by 

Ax  =  (11) 

2  •  sm(Q!) 

hcJving  the  wavelength  also  halves  the  fringe  spac¬ 
ing.  Hence,  the  diameter  of  the  probe  volume 
can  also  be  reduced  by  a  factor  2  without  reduc¬ 
ing  the  number  of  fringes.  At  a  particular  laser 
output  power  Po,  the  laser  intensity  in  the  probe 
volume  /o  can,  therefore,  be  increased  by  a  fac¬ 
tor  of  4  for  a  given  number  of  interference  fringes, 
when  converting  from  green  to  UV-hght. 


3.  According  to  the  photocathode  material,  the  quan¬ 
tum  efficiency  of  a  photomultiplier  is  wavelength 
dependent.  The  quantum  efficiency  of  photomffi- 
tipliers  optimized  for  UV-light  is  generally  5  to 
10  percent  points  higher  than  that  of  the  best 
photomultipliers  for  green  light. 


4.  The  number  of  photons  arriving  at  the  detector 
per  signal  cycle  is  given  by 


Figure  2:  Detected  number  of  photons  per  Doppler  sig¬ 
nal  cycle  versus  particle  size  at  the  wavelengths  257nm 
and  514nm  (output  power  at  257nm  ten  times  less  than 
at  514nm). 


SNR  due  to  quantum  noise 


—  ’7Q  _  Ps  ■  A  ■qq 

~  h  v  fo  h  -  c  fq 


(12) 


Since  the  Doppler  signal  frequency  fo  is  given  by 


fo  =  j- ■2sm{a)  (13) 

uj.:  velocity  component  perpendicular  to  the  probe 
volume  fringes 


eq.  12  predicts  the  following  dependence: 

Tlph.  <x  ■  Ps  (14) 

This  means  that  at  equal  scattered  powers,  using 
laser  light  at  a  wavelength  of  257nm  instead  of 
514nm  reduces  the  number  of  scattered  photons 
by  a  factor  4.  The  reduction  of  the  probe  volume 
size,  that  is  possible  using  shorter  wavelengths, 
therefore,  does  not  increase  the  number  of  pho¬ 
tons/cycle.  However  the  SNR  is  increased,  since 
the  SNR  oc  l/i/A/for  the  PM  and  the  connected 
electronics. 

These  four  points  are  taken  into  accoimt  in  figure  2, 
where  the  number  of  detected  photons  per  signal  cycle 
is  plotted  versus  particle  size. 

Despite  the  reduction  in  the  photon  rate  with  the  wave¬ 
length  and  the  10  times  lower  power  of  the  UV  laser 
relative  to  the  green  laser,  more  photons  are  detected 
per  signal  cycle  with  UV-light  than  with  green  light 
for  particles  in  the  size  range  0.1  to  0.6  ^m.  In  the 
example  ccdculated  for  fig.  2,  there  are  121  detected 
photons/cycle  at  257nm  and  only  37  at  514nm  for  a 
0.1  particle. 


The  scattering  process  is  a  statistical  process,  i.e.  the 
number  of  photons /cycle  plotted  in  fig.  2  has  to  be  seen 
as  the  expectation  value.  Hence,  low  numbers  of  pho¬ 
tons/cycle  lead  to  qucintum  noise,  which  can  be  quan¬ 
tified  by  the  standard  deviation  aph  of  the  number  of 
photons/cycle,  approximately  given  by 

Cph  —  y/^ph  (1^) 

The  resulting  relative  error,  i.e.  the  noise-to-signal  ra¬ 
tio,  is  given  by  _ 

^  .  (16) 
\fP^ph. 

The  signal-to-noise  ratio  due  to  quantum  noise  SNRgiv 
is  therefore  Returning  to  the  example  given 

above,  37  photons/cycle  correspond  to  an  SNR  of  6, 
whereas  121  photons/cycle  correspond  to  an  SNR  of  11. 

Derivation  of  the  combined  SNR 

In  order  to  give  a  final  estimate  of  the  expected  SNR 
of  a  Doppler  signal  produced  by  a  0.1  pm  particle,  as 
shown  in  figure  3,  the  combined  SNR  of  the  quantum 
noise  and  of  the  PM  has  to  be  obtained. 

Relative  random  errors  AA  of  measured  quantities  U 
add  up  to  a  combined  relative  error  ^  according  to: 


In  our  case,  considering  the  noise-to-signal  ratios,  this 
translates  to: 
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Comparison  green-UV  of  the  combined  SNR 


40 


With  eq.  10,  16,  and  18  a  compcirison  of  the  SNR  (in 
decibel)  versus  bandwidth  for  green  and  UV  light  is 
possible.  This  was  done  for  a  O.lpm  latex  particle  in 
air  as  shown  in  figure  3  again  assuming  that  the  UV 
laser  is  a  factor  10  times  weaker  than  the  green  laser. 
This  plot  shows  that  the  total  SNR  using  UV  light  is 
about  9  to  12dB  larger  than  using  green  light,  even 
when  considering  the  fact  that  the  Doppler  frequency 
is  doubled  when  the  wavelength  is  halved.  As  an  ex¬ 
ample,  in  fig.  3  one  sees  that  the  SNR  using  UV-light 
at  lOOMHz  equals  the  SNR  using  green  light  at  about 
lOMHz,  i.e.  it  is  possible  to  measure  10  times  higher 
frequencies  using  UV-hght,  which,  according  to  eq.l3, 
converts  to  5  times  higher  velocities,  without  a  loss  in 
SNR.  Using  a  UV-based  LDA-system  can  therefore  be 
advantageous  in  transonic  flows  with  submicrometer 
seeding  particles.  Further  advantages  from  using  UV 
laser  light  can  be  expected  when  using  compact  and 
portable  lasers.  Argon  ion  leisers  are  increasingly  being 
replaced  by  frequency-doubled  Nd:YAG  lasers,  which 
emit  laser  light  at  a  wavelength  of  532nm.  The  conver¬ 
sion  efficiencies  are  about  50-60%,  resulting  in  output 
powers  of  about  500mW.  These  Nd:  YAG  lasers  can  also 
be  twice  frequency-doubled  producing  a  wavelength  of 
266nm.  The  conversion  efficiencies  from  green  to  UV 
can  be  as  high  cis  22%  [2],  which  results  in  output  pow¬ 
ers  of  about  lOOmW.  The  estimated  SNR’s  at  266nm 
and  532nm  are  shown  in  figure  4.  Whereas  the  SNR 
at  266nm  and  lOOmW  is  approximately  the  same  as 
for  257nm  in  figure  3,  the  SNR  at  532nm  and  500  mW 
quickly  drops  to  very  low  levels. 


F igure  3 :  Estimated  SNR  of  a  Doppler  signal  produced 
by  a  0.1  pm  latex  particle  in  eiir  versus  bandwidth 

2.2  Phase  difference-to-diameter 
relationship 

In  PDA,  particle  sizes  are  determined  from  the  mea¬ 
sured  phase  difference  between  the  Doppler  signals  de- 


Figure  4:  Estimated  SNR  of  a  Doppler  signed  produced 
by  a  0.1  pm  latex  particle  in  eiir  versus  bandwidth 

tected  at  two  spatially  separated  detectors  with  the 
help  of  the  so-called  phase  factor  F: 

=  F{m,a,...)  ■  dp  (19) 

For  particles  that  are  large  compared  to  the  wavelength, 
geometrical  optics  applies,  and  the  phase  factor  is  a 
constant  for  a  fixed  optical  geometry  [3].  For  particles 
that  are  smaller  than  about  10  times  the  wavelength, 
geometrical  optics  no  longer  applies,  and  the  exact  Mie- 
theory  [l]  has  to  be  used  to  predict  the  phase-diameter 
relationship.  Figure  5  shows  the  phase-diameter  rela¬ 
tionship  in  the  size  range  from  0.1  to  1pm  using  green 
and  UV  light  with  identical  optical  geometries. 


Figure  5:  Comparison  of  the  phase-diameter  relation¬ 
ship  using  identical  optical  geometries 

Firstly,  it  is  important  to  note  that  the  phase-diameter 
relationship  is  non-linear  and  non-monotonic.  Secondly, 
the  phase-diameter  relationship  is  steeper  when  using 
UV  light.  To  obtain  a  phase-diameter  relationship  with 
A  =  514nm  that  has  an  equally  large  phsise  factor  F  as 
with  X  =  257nm  at  a  certain  size  dp  larger  beam  in¬ 
tersection  half  angles  are  needed,  thereby  raising  the 
signal  frequency  and  reducing  further  the  number  of 
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photons  per  signal  cycle  as  shown  in  fig.  2.  Figure  6 
shows  such  a  phase-diameter  relationship;  although  the 
relationship  for  A  =  514nm  now  has  the  same  phase- 
difference  at  dp  =  1.0pm  as  for  A  =  257nm,  it  is  still 
not  possible  to  differentiate  between  0.1  and  0.2  pm 
particles  with  green  light,  since  the  phase-diameter  re¬ 
lationship  flattens  off  below  0.3pm. 

Therefore,  to  differentiate  the  size  classes  0.1  and  0.2pm, 
the  utilization  of  UV-light  becomes  essential. 


Figure  6;  Compairison  of  phase-diameter  relationships 
using  green  light  and  UV  light.  The  beam-intersection 
half-angles  a  were  chosen,  so  that  the  phase  difference 
at  dp  =  1.0pm  has  the  same  value  for  both  A  =  514nm 
and  A  =  257nm. 


2.3  Probe  volume  and  particle  con¬ 
centration 

When  considering  submicrometer  particles,  relatively 
small  volume  fractions  correspond  to  high  particle  con¬ 
centrations.  For  example,  a  volume  fraction  of  only 
6.5  •  10“~  corresponds  to  a  particle  concentration  C  of 
10~cm~®  for  0.5pm  particles.  Therefore,  a  submicrom¬ 
eter  PDA  has  to  be  capable  of  performing  PDA  mea¬ 
surements  at  very  high  particle  concentrations. 

The  prerequisite  for  performing  valid  PDA  measure¬ 
ments  is  that  only  one  particle  is  in  the  probe  volume 
at  a  time.  Assuming  that  particles  in  a  fluid  or  spray 
are  uniformly  distributed  in  space,  the  probabihty  pk 
that  k-particles  are  in  the  probe  volume  Vpv  simulta¬ 
neously  is  given  by  the  Poisson-distribution: 

p,  =  (20) 

The  probability  P2  that  there  are  at  least  2  particles  in 
the  probe  volume  simultameously  is  then 

P2  =  l-po-pi  (21) 

Reducing  the  wavelength  from  green  to  UV  by  a  fac¬ 
tor  of  2,  allows  the  probe  volume  to  be  reduced  by  a 


factor  of  8.  Hence,  according  to  eq.  20  and  21,  the  uti¬ 
lization  of  UV-light  enables  PDA  measurements  at  8 
times  higher  particle  concentrations  without  increasing 
the  probability  of  there  being  more  than  one  particle 
in  the  probe  volume. 


3  REALIZATION  OF  THE  UVLDA- 
SYSTEM 

3.1  Experimental  setup  and  its  com¬ 
ponents 


Figure  7:  Experimental  setup;  overview 

The  experimental  setup  for  the  UVLDA  is  shown  in 
figme  7.  The  cw  UV  laser  light  is  redirected  by  mirror  1 
and  hits  the  beam  splitter  plate  at  an  angle  of  60°.  The 
transmitted  and  reflected  beams  are  made  parallel  by 
mirrors  2,  3  and  4  and  focused  into  a  probe  volume  by 
lens  1  with  a  focal  length  of  /i  =  100mm.  At  a  distance 
of  200mm,  lens  2  (focal  length  /2  =  150mm)  focuses 
the  scattered  light  on  to  a  100  pm.  pinhole  covering 
the  photocathode  of  photomultiplier  PMi'.  The  signal 
from  the  PM  is  first  bandpass  filtered,  then  digitized 
by  a  transient  recorder  and  finally  sent  to  a  PC  for 
processing.  PM2  is  not  used  in  the  UVLDA. 

The  components  of  the  system  are  the  following: 

1.  UV-Laser;  Coherent  Iimova  FReD  300 

The  Coherent  Innova  FReD  300  is  a  water-cooled 
argon  ion  laser,  that  uses  a  frequency  doubling 
BBO-crystcil  to  produce  UV-light.  All  the  visi¬ 
ble  lines  of  the  eirgon  ion  laser  can  thereby  be  fre¬ 
quency  doubled.  In  our  case  only  the  frequency 
doubling  from  A  =  514nm  to  A  =  257nm  was 
used.  The  output  power  is  lOOmW,  the  conver¬ 
sion  efficiency  being  about  20%. 

2.  Optics: 

•  mirrors: 

257nm:  UV-miirors 

514nm;  standard  metal-coated  mirrors 
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•  lenses: 

257nm:  UV-lenses  (quaxz) 

514nm:  same  lenses  as  for  257nm 

•  beam  splitter: 

257nm:  beam  splitter  plate  for  250nm  - 
320nm  (Melles  Griot) 

514nm:  path  length  compensated  beamsplit¬ 
ter  (Carl  Zeiss  Jena) 

3.  Photomultipliers: 

PhotomnltipUers  selected  for  visible  light,  are  not 
suited  for  the  detection  of  UV-light  ® .  A  PM  with 
a  biaJkah  photocathode  cind  a  quantum  eihciency 
of  ’IQ  =  24%  at  A  =  257nm,  the  Thom/EMI 
9893QB100,  wais  chosen.  This  PM  hcis  a  very 
high  gain  of  about  max.  80  •  10®  at  its  operating 
voltage  of  about  UpM  ~  1.6kV  and  a  very  low 
dark  cormt  of  20  Hz.  Its  suitability  for  the  detec¬ 
tion  of  UV-hght  is  ensured  by  the  use  of  a  quarz- 
glass  window.  A  special  feature  of  this  PM  is 
that,  due  to  internal  focusing,  only  a  2.5mm  in 
diameter  large  area  on  the  photocathode  is  ac¬ 
tive.  This  reduces  noise  due  to  stray  light,  but 
makes  the  optical  alignment  very  difficult. 

4.  Electronics: 

For  the  amplification  and  filtering  of  the  raw  sig¬ 
nals,  a  PDA-Extension  Box  (Invent  GmbH)  was 
used.  The  signsils  were  then  digitized  by  a  trsin- 
sient  recorder  (LeCroy  9424)  and  sent  to  a  PC 
for  further  processing. 

5.  Pcuticle  generation: 

In  order  to  generate  an  air  flow  seeded  with  sub- 
micrometer  particles,  monosized  latex  particles 
supplied  by  Bangs  Laboratories,  were  dispersed 
in  highly  pure  (99.8%)  ethanol.  This  dispersion 
was  then  nebulized  and  passed  through  a  2.5m 
long  PVC-tube  with  a  diameter  of  50mm,  so  that 
the  ethanol  evaporates.  On  the  last  40cm,  the 
ethanol/latex  mixture  was  passed  through  a  glass 
tube  with  a  diameter  of  10mm,  which  could  be 
heated  to  several  hundred  "C,  in  order  to  en- 
s\ire  that  the  ethanol  was  completely  evaporated, 
leaving  only  the  latex  particles.  In  such  a  way, 
seeded  mr  flows  with  O.lqm,  0.5qm,  or  with  both 
0.1^(m  and  0.5qm  latex  particles  were  obtained. 

The  main  opticcil  properties  of  the  LDA-system  are 
listed  in  table  1. 

3.2  Verification  experiments 

Verification  e.xperiments  were  performed  with  UV-light 
to  check  that 

1.  LDA-  amd  PDA-measurements  are  possible  with 
UV-light 

“The  quantum  efficiencies  at  wavelengths  below  s;  350nm 
are  virtually  zero,  since  the  windows  are  UV  absorbing. 


Table  1:  Optical  parameters  of  the  implemented  LDA- 
system  for  both  A  =  257nm  and  A  =  514nm 


wavelength 

257nm 

514nm 

beam  spacing  a 

32mm 

30mm 

focal  length  transmitting  lens  / 

100mm 

110mm 

beam-intersection  half-angle  a 

9.1° 

7.8° 

fringe  spacing  Ar 

0.81 /xm 

1.89^m 

number  of  fringes  N 

61 

32 

diameter  of  probe  volume  bMV 

50ttm 

60  nm 

focal  length  of  receiving  lens 

150mm 

170mm 

distance  probe  volume  -  receiving  lens 

200mm 

220mm 

receiving-cone  half-angle 

6.8° 

6.2° 

magnification  of  receiving  lens 

1:3 

1.3 

pinhole  diameter 

lOOqm 

100/xm 

2.  improved  SNR’s  can  be  obtained  through  the  use 
of  UV-light. 

The  LDA-measurements  were  performed  in  the  seeded 
air  flow  described  in  section  3.1.  In  order  to  compare 
SNR’s,  LDA-measurements  were  performed  with  equal 
output  powers  for  UV  and  green.  Table  2  lists  the  mea¬ 
sured  SNR’s,  which  were  obtained  for  the  following  pa¬ 
rameters: 

•  scattering  angle:  ©  =  20° 

•  particle  size:  dp  nominally  0.096qm;  width  of  the 
size  distribution  about  20% 

•  velocity:  t;  w  1.3  m/s 

•  operating  voltage  at  the  PM:  U pm  =  1550V 
Measurement  of  SNR  value: 

The  SNR  of  each  Doppler  burst  is  determined  by  the 
signal  processing  software,  which  meascues  signal  fre¬ 
quency  and  the  phase  difference  between  the  two  chcin- 
nels  by  computing  the  cross  spectral  density  function 
(CSD)  from  the  digitized  data.  From  the  CSD,  the  pro¬ 
gram  determines  the  signal  and  the  noise  powers  and 
calculates  the  SNR  in  dB  according  to: 

SNR[dB]  =  10  •  logio  ( (22) 
noise  power  J 

The  SNR  values  listed  in  table  2  were  obtained  by  eval¬ 
uating  several  hundred  Doppler  bursts  and  forming  the 
median  SNR  value  of  all  bursts. 

Using  Mie-theory  to  calculate  the  scattered  power  Ps 
for  0.12qra  latex  particles,  the  expected  SNR’s  were 
found  from  equation  18  and  are  also  listed  in  table  2. 
The  data  in  table  2  show  that  the  SNR  with  UV-light 
is  significantly  larger  than  with  green  fight.  Moreover, 
the  probe  volumes  were  of  almost  equal  diameter.  By 
exploiting  the  possibility  with  UV-light  of  halving  the 

■^the  visibility  is  taken  to  be  0.67  for  the  60/40  UV-beam 
splitter. 
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Table  2;  SNR  comparison  between  UV  and  green 


wavelength 

257nm 

514nm 

output  power 

20mW 

20mW 

signal  amplitude 

150mV 

20mV 

signal  frequency 

0.94  MHz 

0.63  MHz 

visibility 

0.67^ 

1.0 

SNR  calculated 

17.7dB 

8.3dB 

SNR  measured 

17.1dB  ±  0.5dB 

9.4dB  ±  O.SdB 

output  power 

20mW 

- 

signal  amplitude 

150mV 

— 

signal  frequency 

0.73  MHz 

- 

visibility 

0.67 

SNR  calculated 

18.8 

- 

SNR  measured 

18.5dB  ±  0.5dB 

Figure  8:  phase-diameter  relationship  for  the  imple¬ 
mented  PDA,  plotted  for  several  refractive  indices. 


probe  volume  diameter,  without  reducing  the  number 
of  fringes,  the  same  result  could  have  been  obtained 
with  only  5mW  of  UV  output  power.  Furthermore,  the 
visibility  at  257nm  was  only  a  0.7.  A  50/50  beam  split¬ 
ter  for  UV-light  would  help  to  increase  the  SNR  value 
at  257nm  even  more. 

The  calculated  SNR  values  according  to  eq.  18  are 
very  close  to  the  measured  values,  confirming  that  the 
expected  advantages  in  using  UV-light  as  plotted  in  fig¬ 
ures  3  and  4  can  actually  be  achieved. 

4  EXTENSION  TO  PDA 
MEASUREMENTS 

4.1  Layout  and  main  properties  of 
the  PDA-system 

The  setup  shown  in  fig.  7  Wcis  extended  to  a  PDA  by  in¬ 
cluding  a  second  PM  at  a  scattering  angle  of  20°  to  pick 
up  a  phcise  difference  signed.  To  overcome  the  ambigu¬ 
ity  of  the  phase-diameter  relationship  shown  in  fig.  5 
cind  to  enable  the  measurement  of  the  refractive  index, 
CIS  well  as  the  particle  size  and  velocity,  three  detectors 
and  an  evaluation  according  to  the  “Joint  Probability 
Method”  would  be  necessary  [4,  5].  In  the  presented 
series  of  measmements,  however,  a  two  detector  sys¬ 
tem  sufficed  for  the  size  range  from  0.1pm  to  0.6pm 
that  was  of  interest.  The  results  presented  in  section 

4.2  show  that 

1.  PD  A- measurements  Ccin  be  performed  in  the  sub¬ 
micrometer  range  with  UV-light 

2.  the  precision  of  the  phase  determination,  i.e.  the 
signal  processing  in  general,  at  low  SNR’s  has  to 
be  improved,  especially  with  respect  to  determin¬ 
ing  the  phase  value  0°. 

The  phase-diameter  relationship  for  the  PDA-system 
of  fig.  7  is  shown  in  fig.  8  for  refractive  index  values 
ranging  from  1.6  to  1.7. 


4.2  Verification  experiments 

Figure  9  shows  an  example  of  a  measured  phase  differ¬ 
ence  distribution  cifter  seeding  the  air  flow  with  0.1pm 
and  0.5pm  latex  particles.  Deducing  the  correspond¬ 
ing  size  distribution  from  fig.  9  Wcis  difficult  for  two 
reasons. 

1.  The  refractive  index  of  latex  at  A  =  257nm  could 
not  be  found  in  the  literature  and  had  to  be 
estimated.  Starting  from  fig.  9,  the  peak  of 
the  phase  difference  distribution  corresponding 
to  0.5pm  latex  particles  was  located  at  about 
300°.  Then  phase-diameter  relationships  were 
computed  for  several  refractive  index  values  be¬ 
tween  m  =  1.6  (the  refractive  index  of  latex  at 
A  =  514nm)  and  m  =  1.7.  As  shown  in  fig.  8, 
the  best  phase  difference  match  for  a  diameter  of 
0.5pm  was  formd  for  a  refractive  index  value  of 
m  =  1.67. 

The  size  distribution  corresponding  to  the  phase- 
diameter  relationship  for  m  =  1.67  is  shown  in 
fig.  10.  The  widths  of  the  size  intervals  in  this 
figure  are  inversely  proportioned  to  the  local  gra¬ 
dient  of  the  phase-diameter  curve. 

2.  From  the  phase-diameter  relationship  in  fig.  8, 
the  phase  distribution  of  the  first  peak  in  fig.  9 
corresponds  to  a  size  range  from  0.1  to  0.35pm 
in  fig.  10.  0.1pm  particles  correspond  to  a  phase 
value  near  0°,  where  the  accuracy  of  the  phase 
difference  measurement  is  lowest  (at  lezist  with 
the  CSD-method).  The  SNR- values  are  also  low¬ 
est  near  0.1pm,  further  reducing  the  measure¬ 
ment  accuracy.  Many  particles  in  this  size  range 
were  therefore  evaluated  cis  too  large,  although 
on  the  oscilloscope  one  could  easily  obtain  signal 
pedrs  with  no  visible  phase  shift. 

Improvements  in  the  amplification  and  filtering 
of  the  signeds  could  increase  the  measurement  ac¬ 
curacy.  However,  for  the  reliable  measurement 
of  the  phase  difference  value  0°,  which  is  vital  in 
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submicrometer  PDA,  changes  in  the  phase  differ¬ 
ence  determination  software  near  0°  will  have  to 
be  made. 


Figure  9:  Measured  phase  difference  distribution  of  the 
air-flow  seeded  with  O.l^m  and  0.5pm  latex  particles 


Figure  10:  Size  distribution  determined  by  comparing 
fig.9  and  fig.8 


5  SUMMARY  AND  CONCLUSION 

In  this  paper,  it  was  shown  that  for  LDA-  and  PDA- 
measurements  in  the  submicrometer  particle  size  range 
the  use  of  UV-lasers  is  both  possible  and  advantageous. 
The  advantages  have  been  demonstrated  experimen¬ 
tally.  They  include 

1.  significant  increases  in  signal-to-noise  ratios,  es¬ 
pecially  towards  higher  Doppler  frequencies. 

2.  steeper  phase-diameter  relationships  in  the  0.1pm 
to  0.5pm  region,  permitting  discrimination  be¬ 
tween  0.1pm  and  0.2pm  particles. 

3.  PDA  measurements  at  up  to  10  times  higher  par¬ 
ticle  concentrations. 

With  UV-light  the  SNR  was  increased  by  about  lOdB 
relative  to  green  hght.  To  achieve  a  size  measurement 
range  from  0.1  pm  up  to  severed  pm,  including  the  mea- 
siuement  of  the  refractive  index,  it  would  be  necessary 
to  apply  the  “Joint  Probability  Method”  to  the  evalu¬ 
ation  of  the  phase  differences  from  a  PDA  with  three 
detectors. 
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Abstract 

The  3-D  scattering  of  a  Gaussian  beam  by  an 
infinite  cylinder  is  described.  A  particular  attention 
is  paid  to  the  influence  of  the  representation  of  the 
incident  beam  on  the  results. 

l)lntroduction 

In  hght  scattering  theory  and  apphcations,  most 
effort  has  been  devoted  to  the  study  of  spherical 
particles.  Nevertheless,  the  interest  for  other  parti¬ 
cle  shapes  is  warranted  for  fundamental  as  well  as 
for  industrial  motivations. 

Among  aU  possible  particle  shapes,  the  infinite 
cyhnder  shape  is  particularly  attractive  because  an 
exact  solution  of  Maxwell’s  equations  exists  for  an 
incident  plane  wave,  and,  during  industrial  pro¬ 
cesses,  a  lot  of  particles  possess  the  shape  of  a  cylin¬ 
der.  Such  a  situation  has  been  at  the  origin  of  vari¬ 
ous  devices.  One  of  the  more  recent  effort  concerns 
the  study  of  the  potentiality  of  the  phase-Doppler 
technique  to  characterize  cylindrical  particles  (see 
Mignon  et  a.  (1994),  Onofri  et  a.  (1995),  Mignon 
et  a.  (S)). 

This  potentiality  has  been  analyzed  by  assuming 
that  the  illuminating  beam  is  a  plane  wave  (Mignon 
et  a.  (1994),  Onofri  et  a.  (1995))  or  by  using 
geometrical-optics  (Mignon  et  a.  (S)).  Neverthe¬ 
less  when  compared  to  the  size  of  the  optical  probe 
both  the  diameter  and  the  length  of  the  cylinder 
can  be  very  large.  Therefore  the  effect  of  a  local 
illumination  of  the  cyhnder  must  be  understood. 


In  Rouen,  the  analytical  solution  of  Maxwell’s 
equations  when  a  Gaussian  beam  illuminates  a 
cyhnder  has  been  obtained  by  using  the  distri¬ 
bution  theory  (see  Gouesbet  et  Grehan  (1994), 
Gouesbet  (1995a,  1995b,  1995c,  Si),  and  references 
therein).  The  case  of  arbitrary  shaped  beam  ihu- 
miaation  has  also  been  considered  (Gouesbet  S2). 

This  paper  is  then  devoted  to  the  presentation 
and  to  the  discussion  of  nmnerical  results  obtained 
by  using  the  above  theory  when  an  incident  Gaus¬ 
sian  beam  is  normal  to  the  cyhnder  with  the  cyhn¬ 
der  axis  located  at  the  beam  waist  center,  with  a 
particular  approach  to  the  beam  description. 

Section  2)  is  devoted  to  the  incident  beam  de¬ 
scription.  In  contrast  with  the  case  of  a  sphere, 
any  inaccuracy  in  the  description  of  the  incident 
beam  far  from  the  beam  axis  is  significant  in  the 
scattering  process  by  the  cyhnder  which  has  an  in¬ 
finite  length.  Then  the  scattered  field  can  be  ac¬ 
curately  predicted  only  in  a  fimte  space  domain, 
strongly  depending  on  the  quahty  of  the  beam  de¬ 
scription.  Section  3)  is  devoted  to  the  description  of 
some  scattering  diagrams  with  a  particular  atten¬ 
tion  paid  to  the  defimtion  of  the  domain  of  vahdity 
depending  on  the  beam  description. 

2)  Incident  beam 

To  mathematically  represent  the  beam  going  out 
from  a  laser,  we  can  choose  between  a  beam  descrip¬ 
tion  which  perfectly  agrees  to  Maxweh’s  equations 
in  a  framework  relying  on  Davis  Taylor  expansions 
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FigTire  1;  The  geometry  under  study 

or  a  beam  description  which  exhibits  the  fast  de¬ 
crease  of  the  intensity  in  transverse  directions  in  a 
modified  framework  as  explained  later. 

In  the  case  of  the  representation  of  the  imping¬ 
ing  beam  in  a  spherical  coordinate  system  (scatter¬ 
ing  by  a  sphere),  by  using  the  Davis  formulation 
(Davis  (1979)),  this  issue  has  been  studied  in  detail 
by  Gouesbet  and  co-authors  (Lock  and  Gouesbet 
(1994),  Gouesbet  and  Lock  (1994),  Gouesbet  et  a. 
(1995)).  In  a  cylindrical  coordinate  system,  start¬ 
ing  from  the  Davis  formulation,  three  kinds  of  beam 
representation  may  be  defined: 

1.  Standard  beams  constructed  by  using  an  in¬ 
finite  Davis-hke  expansion  (see  Gouesbet  and 
Lock  (1994)  for  details).  Such  beams  exactly 
satisfy  Maxwell's  equations.  They  are  said  to 
be  Maxwellian  and  Gaussian.  Being  at  the 
present  time  niimerically  difficult  to  handle, 
they  are  not  discussed  in  this  paper. 

2.  Gaussian  beams  which  are  MaxweUian  only 
up  to  O(s^P),  in  which  s  =  \/{27rwo),  with 
A  the  wavelength  and  wq  the  beam  waist  ra¬ 
dius,  is  the  beam  confinement  parameter  (used 
in  Gouesbet  (SI),  Gouesbet  (1995c),  and  ref¬ 
erences  therein). 

3.  Quasi- Gaussian  beams  obtained  from  a  remod¬ 
elling  of  a  first-order  Davis  beam.  The  han- 
dhng  of  these  beams  would  fit  in  the  arbitrary 
shaped  beam  theory  (Gouesbet,  (S2)). 

The  incident  beam  propagates  along  the  Ox  axis, 
towards  negative  x’s.  The  incident  electric  field  po¬ 
larization  is  perpendicular  to  the  plane  defined  by 
the  cylinder  axis  2  and  by  the  incident  vector  e^. 
The  incident  beam  is  perpendicular  to  the  infinite 


Figure  2:  Intensity  evolution  along  x-axis  for  a 
quasi-Gaussian  beam. 


ky 


Figure  3:  Intensity  evolution  along  y-axis  for  a 
quasi-Gaussian  beam. 

cylinder.  The  cylinder  radius  is  a.  The  cylindrical 
coordinates  (r,  (f,  z)  are  defined  in  Fig.  1. 

2-1)  Behaviour  of  a  Quasi-Gaussian  beam  in 
cylindrical  coordinates 

Prom  the  (r,  ip,  2:)-components  of  the  electromag¬ 
netic  field,  the  intensity  is  computed  along  x,  y,  and 
z  axis.  Fig.  2  plots  I  versus  kx,  Fig  3  plots  I  versus 
ky,  and  Fig  4  plots  I  versus  kz.  The  beam  confine¬ 
ment  parameter  is  s  =  0.01,  which  corresponds  to 
a  beam  waist  radius  wq  ~  7.9  jim  for  an  incident 
wavelength  of  0.5  jim.  The  fast  decrease  of  the  in¬ 
tensity  in  transverse  directions  is  observed  (see  Figs 
3  and  4),  while  the  intensity  along  the  beam  axis 
is  founded  nearly  constant  on  a  short  distance  (see 
Fig  2),  as  it  should  be. 

To  save  room,  the  discussion  is  from  now  on  lim¬ 
ited  to  the  intensity  along  the  y-axis.  The  prop- 
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Figure  4:  Intensity  evolution  along  z-axis  for  a 
quasi-Gaussian  beam. 

erties  discussed  for  that  component  are  essentially 
true  for  the  two  others. 

2-2)  Behaviour  of  Maxwellian  Gaussian  beams  of 
order 

Gouesbet  (1996)  gives  the  expressions  of  the  in¬ 
cident  field  in  Cartesian  coordinates  up  to  C>(s^°). 
Prom  these  expressions,  the  incident  field  in  cyhn- 
drical  coordinates  (r,  z)  is  easily  obtained.  For 
example,  H^.  at  order  is  given  as: 

Hi  =  Ho  e>cp{ikr  cos  (p)  {  — 1  -f  [Z'^+ 

.  sin^  (pF?  -I-  cos  —  E'^qo^ 

+0(s^)  +  ..}  (1) 

where  Suooo  i®  ^  constant  which  depends  on  the 
beam  description  (Standard,  Localized  or  Modi¬ 
fied  Localized).  We  use  the  coefficients  F^ooo  corre¬ 
sponding  to  a  standard  beam  in  that  paper  except 
in  section  2.3.  Similar  expressions  exist  for  Ez,  Er, 
E^,  Hr,  H^.  Then  the  incident  intensity  compo¬ 
nents,  obtained  by  appl3dng  the  Poynting  theorem 
to  the  incident  field  are  computed. 

Figure  5  compares  the  incident  intensity  along  y- 
axis,  described  by  a  quasi-Gaussian  beam  and  by 
a  Maxwellian  Gaussian  beam  at  limited  orders 
s'^and  s®. 

For  the  three  Maxwellian  Gaussian  beams  at 
limited  orders  the  general  behaviour  is  the  same: 
when  ky  increases  the  intensity  decreases  down  to 
a  minimum  value  and  then  increases  up  exponen¬ 
tially.  For  ky  <  130,  increasing  the  order  of  the 
Maxwellian  Gaussian  beam,  the  fit  with  the  quasi- 
Gaussian  beam  is  better  and  better,  but  in  all  cases 


Figure  5:  Comparisons  between  Maxwellian  Gaus¬ 
sian  beams  at  finite  order  and  the  first  Davis  beam. 


Figure  6:  0.8  /im  beam  waist  radius. 

when  ky  is  larger  than  about  130,  the  Maxwellian 
Gaussian  beam  is  characterized  by  an  exponential 
increase  of  the  intensity. 

That  behaviour  is  not  improved  when  increasing 
the  beam  waist  radius.  Figures  6  and  7  display  I 
versus  ky  with  s  as  the  parameter  (s  =  0.1  cor¬ 
responds  to  a  beam  waist  radius  of  about  0.8  pm, 
s  =  0.001  to  a  beam  waist  radius  of  about  80  pm) . 
The  increase  of  the  intensity  is  observed  at  kr  val¬ 
ues  of  about  13,  130  and  1  300  for  s  of  0.1,  0.01 
and  0.001  respectively,  (see  Figs  6,  5  and  7),  i.e.  at 
equal  values  of  ky  when  reduced  by  the  values  of 

WQ. 

2-3)  Comparison  of  S.  MLA  and  LA  descriptions 
at  limited  orders 

The  aforementioned  divergence  of  the  intensity 
I  when  ky  is  larger  than  the  beam  waist  radius 
(about  130  for  wo -8  pm)  does  not  depend  on  the 
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Figure  7:  80  /rm  beam  waist  radius 


ky 


Figure  8:  Comparison  between  Maxwellian  Gaus¬ 
sian  beam  at  order  O(s^)  for  three  kinds  of  beam 
(Standard,  Modified  Localized  Approximation,  Lo¬ 
calized  Approximation) 


beam  description  at  limited  orders.  In  particular,  if 
the  value  of  the  coefficient  F^^ogo  is  taken  as  the  one 
corresponding  to  the  S  (Standard),  LA  (Localized 
Approximation)  or  MLA  (Modified  Localized  Ap¬ 
proximation)  cases,  then  the  obtained  curves  can¬ 
not  be  distinguished  (Fig  8).  Here,  the  chosen  or¬ 
der  with  respect  to  s  is  the  main  parameter.  Beyond 
0(s^°)  however,  the  required  amoimt  of  algebra  be¬ 
comes  prohibitive. 

2-4)  Reconstructed  incident  fields 

From  Gouesbet  (1995b),  the  incident  beam  shape 
distributions  Im.TEil)  are  defined  by: 


{lm,TE{i),  (1  -  7^)Jm(-R\/l  -7^)  exp(z7.^)^  = 

(§)  P) 

Then  the  quality  of  the  incident  beam  shape  dis¬ 
tributions  directly  depends  on  the  qusdity  of  the 
description  of  the  beam.  In  Gouesbet  (1995b),  the 
incident  beam  is  assumed  to  be  a  MaxweUian  Gaus¬ 
sian  beam  up  to  order  O(s^)  and  the  distribution  is 
assumed  to  be  imder  the  form  ^afc5^^)(7).  The 
incident  magnetic  field  component  HI  is  given  by: 


•foo 

Hi  =  Ho  *"^exp(im^){[-l+  (3) 

m=— oo 

[s2(m2  +  JmiR)  +  s^RJUR)} 

Fig  9  displays  the  intensity  I  versus  ky,  the  pa¬ 
rameter  being  the  number  m^ax  of  terms  in  the 
summation  (Eq.  3).  For  mmax  equal  to  or  larger 
than  200,  the  reconstructed  beam  perfectly  agrees 
to  the  MaxweUian  Gaussian  beam  at  order  O(s^) 
as  it  should  (see  Fig  5). 

Alternatively,  in  Eq.  2,  we  could  assume  that  the 
distribution  is  imder  the  form  of: 

J  ^  Im,TE{i)  Kl-i)  di  (4) 

multiplying  by  exp(-iy2’),  integrating  on  Z  be¬ 
tween  -oo  and  -|-oo,  the  beam  shape  distribution 
coefficients  are  obtained  as: 


‘■m,TE 


4x2(1- 7^2) 


(5) 


—  exp  {—i'y'Z)  ckpdZ 
Ro 
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Figure  9;  Comparison  of  /  versus  ky.  The  parame¬ 
ter  is  the  number  of  terms  in  tii®  suirmiation. 


This  expression  is  identical  to  the  one  obtained  in 
the  framework  of  plane  wave  spectrum. 

As  it  should  be,  if  in  Eq.  5,  the  incident  field 
is  given  as  a  hlaxweUian  Gaussian  beam  at  a  fimte 
order  the  expressions  of  Gouesbet  (1996)  are 

reobtained. 

If  the  incident  field  HI  is  assumed  to  be  a  quasi- 
Gaussian  beam,  and  numerically  integrate  the  r.h.s. 
of  Eq.  5  to  compute  the  BSD,  the  reconstructed  in¬ 
cident  field  perfectly  agrees  with  the  original  quasi- 
Gaussian  beam,  as  it  should  (Fig  10).  Let  us  note 
that,  in  this  process,  a  renormahzation  over  z  is  also 
carried  out  in  the  same  spirit  than  in  Gouesbet  et 
a.  (S). 


Reco  nstructed  field  with  a  localized 


jroximation 


The  computation  of  the  quadrature  in  Eq.  5  is 
time  consuming.  We  now  introduce  an  approxima¬ 


tion  to  save  computation  time. 

To  compute  the  beam  shape  coefficients  de¬ 
scribing  a  Gaussian  beam  in  spherical  coor¬ 
dinates,  the  most  efficient  method  is  the  lo- 
cahzed  approximation  (LA)  which  deduces  the 
beam  shape  coefficients  from  the  incident  field 

by  applying  an  operator  F  to  the  Et  compo¬ 
nent.  The  operator  F  carries  out  the  following 
tr8msformation: \r  —  oper¬ 

ator  has  been  introduced  by  analogy  to  the  van 
de  Hulst  approach  without  however  any  rigor¬ 
ous  demonstration  (Grehan  et  a.  (1986)),  and 


later  rigorously  demonstrated  (Lock  and  Goues¬ 
bet  (1994)).  The  rigorous  demonstration  imphes  a 

small  change  F=  t  =  \/(u  —  l)(n-t- 2)^,0  =  f  j , 


Figure  10:  Comparison  between  the  original,  recon¬ 
structed  from  a  quasi- Gaussian  beam  and  recon¬ 
structed  from  a  locahzed  approximation  incident 
fields  for  a  quasi-Gaussian  beam. 

leading  to  the  Modified  Localized  Approximation 
(MLA).  This  modification  has  no  effect  when  the 
beam  is  not  extremely  focused  (u;o  «  A). 

Without  any  mathematical  demonstration,  the 
locahzation  operator  to  be  apphed  in  cylindrical 

coordinates  is  rewritten  as  G=  \j'  =  i  ~  2]  ’ 
and  apphed  to  the  field  components  and  of  a 
quasi-Gaussian  beam  to  obtain  the  beam  shape  dis¬ 
tributions  in  cyhndrical  coordinates.  These  beam 
shape  distributions  may  be  expressed  in  terms  of 
beam  shape  coefficients  reading  as: 

1  22 

=  WS  “P  f “  *  "  4?J  ® 

The  numerical  results  obtained  by  using  this 
localization  approach  are  identical  to  the  ones 
obtained  by  using  quadratures  with  the  quasi- 
Gaussian  field  components  Ez  or  Hz  as  kernels. 
Such  a  comparison  is  displayed  in  Fig.  10. 

This  above  rather  extensive  discussion  concern¬ 
ing  finite  beam  representations  in  cyhndrical  coor¬ 
dinates  is  necessary  to  imderstand  the  behaviour  of 
computed  scattered  fields. 

3)  Scattered  fields 

In  this  section,  the  intensities  scattered  by  a 
glass  cylinder  (M=1.5)  of  1  /rm  diameter  in  air, 
are  computed  assuming  that  the  incident  beam  is 
a  MaxweUian  Gaussian  beam  at  order  O(s^)  or  a 
quasi-Gaussian  beam.  A  particular  attention  is 
paid  to  the  behaviour  of  the  scattered  intensity 
when  2  and  r  are  the  parameters.  As  imderlined 
in  Gouesbet  1995b,  scattered  field  evaluations  for 
an  0{s^)  MaxweUian  Gaussian  beam  may  be  ex- 
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Figure  11:  Evolution  of  the  scattered  intensity  with 
z  as  the  parameter  for  a  Maxwelhan  Gaussian  beam 
at  order  O(s^). 

pected  to  be  vahd  only  essentially  in  a  near-held 
zone,  while  a  quasi-Gaussian  beam  should  give  re- 
ahstic  results  for  both  the  near-held  and  far-held 
zones. 

3-1)  Scattered  fields  versus  z 

Fig  11  displays  the  evolution  of  the  scattered  in¬ 
tensity  predicted  for  a  Maxwellian  Gaussian  beam 
at  order  O(s^).  The  distance  kr  is  100.  The  beam 
waist  radius  is  8  ^lm,  and  the  incident  wavelength 
is  0.5  /Lim.  The  scattering  diagram  at  z  =  0  ^im  hts 
weU  the  plane  wave  prediction.  The  main  behaviour 
is  that,  when  the  distance  z  increases,  the  scattered 
intensity  decreases  down  to  z  =  8  and,  for  z 
larger  than  8  fim,  the  scattered  intensity  increases 
again.  This  increase  of  the  scattered  intensity  is  di¬ 
rectly  connected  to  the  increase  of  the  intensity  in 
that  kind  of  beam  as  described  in  Fig  5,  and  hence 
is  an  artefact  of  the  beam  description. 

Fig  12  displays,  for  the  same  parameters  as  in 
Fig  11,  the  scattered  intensity  predicted  for  a  quasi- 
Gaussian  beam.  Here  the  scattered  intensity  reg¬ 
ularly  decreases  as  z  increases.  For  z  =  0,  the 
scattering  diagram  is  identical  to  the  one  predicted 
for  the  Maxwelhan  Gaussian  beam.  But  when  z  in¬ 
creases,  the  decrease  of  the  scattered  intensity  is 
not  so  large  as  in  Fig  11  when  z  is  smaller  than  8 
fim.  Then  for  z  larger  than  8  jj-m,  the  scattered 
intensity  predicted  in  Fig  12  is  smaher  than  the 
one  predicted  in  Fig  11  for  the  same  parameters. 
Prom  Figs  3,  4  and  5,  it  is  noted  that  in  transverse 
directions  at  ky  or  kz  equal  to  100  (z  =  8/im)  cor¬ 
responds  the  absolute  minimum  of  the  predicted 
intensity  of  an  incident  Maxwelhan  Gaussian  beam 


Figure  12:  Evolution  of  the  scattered  intensity  with 
z  as  the  parameter  for  a  quasi-Gaussian  beam. 


Figure  13:  Evolution  of  the  scattered  intensity  with 
the  distance  kr  as  the  parameter  for  a  Maxwehian 
Gaussian  beam  at  order  O(s^). 

at  order  O(s^),  then  explaining  this  behaviour  of 
the  scattered  intensity. 

3-2)  Scattered  fields  versus  r 

For  the  same  particle  and  beams,  Fig  13  displays 
the  evolution  of  the  scattered  intensity  at  z  =  0, 
with  the  distance  from  the  cylinder  kr  as  the  pa¬ 
rameter  for  an  O(s^)  Maxwehian  Gaussian  beam. 
As  kr  increases,  the  intensity  of  the  scattered  beam 
decreases  down  to  kr  =  10000  (r  r:  800/um).  Then 
the  intensity  increases  as  r  increases.  Here  again, 
the  scattering  is  dominated  by  the  exponential  part 
of  the  Gaussian  Maxwehian  beam  and  is  therefore 
an  artefact  of  the  beam  description. 

Conversely  (Fig  14),  for  a  quasi-Gaussian  beam, 
the  scattered  intensity  regularly  decreases  when  r 
increases.  Nevertheless,  let  us  remark  that  for  very 
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Figure  14:  Evolution  of  the  scattered  intensity  with 
the  distance  kr  as  parameter  for  a  quasi-Gaussian 
beam. 

small  kr  =  10,  quasi-Gaussian  beam  predictions 
agree  with  MaxweUian  Gaussian  beam  predictions 
when  the  full  neax-field  formalism  is  used.  For 
kr  larger  than  100,  quasi-Gaussian  beam  predic¬ 
tions  in  the  near-field  and  the  far-field  frameworks 
agree  together.  The  agreement  also  exists  with  the 
MaxweUian  Gaussian  beam  at  order  O(s^)  when  kr 
is  smaUer  than  about  10000.  For  larger  values  of 
kr,  quasi-Gaussian  beam  predictions  are  difficult  to 
carry  out  due  to  numerical  difficulties  in  evaluating 
quadratures.  It  is  strongly  beheved  that  these  dif¬ 
ficulties  may  be  overwhelmed  (current  work). 

3-3)  Spreading  of  the  scattered  intensity 

The  spreading  of  the  scattered  field  is  an  im¬ 
portant  phenomenon  in  a  lot  of  apphcations  as 
in  phase-Doppler  extension  to  the  cylinder  case 
(Mignon  et  a.  (1994),  Mignon  et  a.  (1995),  Mignon 
et  a.  (S)).  This  subsection  is  devoted  to  that  issue. 

Let  us  now  repeat  Figs  11  and  12  (fe  =  100) 
for  kr  =  4000  {r  «  320/Lim),  and  consider  from 
these  families  of  curves  the  scattered  intensity  ver¬ 
sus  z  for  both  values  of  kr.  It  is  then  possible  to 
define  a  spreading  of  the  scattered  intensity.  For 
the  quasi-Gaussian  beam,  this  spreading  is  found 
to  agree  with  the  spreading  of  the  incident  beam. 
Of  course,  such  an  agreement  cannot  be  recovered 
in  the  case  of  MaxweUian  Gaussian  beams  at  O(s^) 
due  to  aforementioned  artifacts  in  the  beam  de¬ 
scription. 

4)  Conclusion 

In  this  paper  the  implications  of  the  beam  repre¬ 
sentation  on  the  scattering  of  a  3-D  focused  finite 
beam  by  an  infinite  cylinder  has  been  explored.  The 


advantages  and  limitations  imposed  by  assuming 
that  the  incident  beam  is  a  quasi-Gaussian  or  a 
Maxwellian  Gaussian  beam  at  order  0(s^^)  have 
been  quantified,  according  to  the  transverse  dis¬ 
tance  2  and  the  distance  from  the  axis  r. 

The  next  step  of  that  work  is  to  describe  the 
scattering  of  a  finite  beam  by  an  infinite  cylinder 
of  arbitrary  orientation  and  arbitrary  location,  and 
to  merge  such  a  representation  in  a  phase  Doppler 
code. 
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ABSTRACT 

Processing  a  Laser  Doppler  signal  usually  requires  high 
efforts  to  the  data  reduction  system.  But  for  the  case  of  a  single 
scatter  centre  in  the  measuring  volume,  the  method  proposed 
converts  the  sinusoidal  output  of  a  photodiode  to  a  linear  func¬ 
tion  in  time  of  the  position  of  the  scatterer  depending  on  its  motion 
and  to  the  Gaussian  shape  amplitude  of  the  signal’s  envelope. 
The  amplitude  of  the  envelope  reflects  the  presence  of  a  scat¬ 
terer  and  is  a  measure  of  the  uncertainty  of  tracking  its  position. 
The  position  course  of  the  scatterer  allows  by  differentiation  to 
evaluate  velocity,  acceleration  and  higher  order  moments  at  speci¬ 
fied  times  inside  the  probe  volume.  The  method  exhibits  the  same 
accuracy  as  Fourier  based  methods  operating  at  the  Cramer-Rao 
bound,  but  it  is  time  resolving  and  involves  the  possibility  of 
being  processed  in  real  time  because  it  performs  in  the  time  do¬ 
main.  Aspects  of  uncertainty,  accelerating  scatterer  and  phase 
Doppler  application  are  outlined. 


1.  THEORY 

The  modulated  part  of  a  laser  Doppler  signal  with  fre¬ 
quency  w  and  amplitude  a  is  assumed  to  be  a  function  of  time  t 
of  the  real  part  of  z(i)  =  a(r)exp(i£Ut).  For  a  continues  motion  in 
direction  of  x  of  a  scatterer  with  a  velocity  u  the  time  t  can  be 
expressed  as  x/u  and  as  2Tixl((od)  using  fringe  distance  d,  see 
Czarske  et  al  (1993).  The  new  description  is  a  complex  Doppler 
signal  z{x)  -  a(x)exp(i27tc/tf)-  Its  amplitude  a{x)  is  a  measure  of 
the  envelope  of  the  measuring  volume  in  space  and  its  phase 
(p  =  Inxid  is  linear  in  x  and  presents  the  position  of  the  scatterer. 
The  inconvenient  sinusoidal  shape  of  the  signal  in  figure  la  has 
disappeared  in  favour  of  a  simple  relation  in  figure  lb. 

The  signal  energy  a\x)  will  be  used  in  the  following  as 
weight  of  the  presence  of  the  scatterer  in  the  measuring  volume. 
To  calculate  the  momentary  velocity,  acceleration,  etc.,  the  po¬ 
sition  x(0 =<p(t)  d/{2K)  can  be  differentiated  with  respect  to  time. 

Particle  sizing  with  Phase  Doppler  Anemometer  requires 
to  measure  the  phase  difference  of  signals  of  two  separated  photo 
receivers.  The  phase  difference  A<p{t)=(pjit)-(p^{f)  obtained  by 
quadrature  signal  analysis  also  allows  to  investigate  dual  burst 
signals  as  in  the  case  of  separable  reflecting  and  refracting  modes. 


Fig.  1  a)  Inline  signal  I  and  quadrature  Q  signal 

b)  Squared  amplitude  d^  =  P+Q^  and  phase  signal  <p 


2.  GENERATION  OF  QUADRATURE  SIGNALS  AND 
MEAN  VALUE  EVALUATIONS 

All  that  has  to  be  done  to  obtain  a  complex  LDA  signal  is 
to  use  the  inline  signal  and  quadrature  signal  of  a  LDA,  easily 
derived  from  sensors  with  frequency  shift  (Bragg  cells,  rotating 
gratings,  ...)  by  downmixing  the  Doppler  signal  with  the  shift 
frequency  itself  giving  the  inline  signal,  and  downmixing  with 
the  90°  phase  shifted  shift  frequency,  giving  the  quadrature  sig¬ 
nal,  see  Czarske  et  al  (1993).  The  electrical  components  needed, 
all  available  on  the  market  at  low  costs,  are  one  90°  phase  shifter 
and  two  multiplying  mixers  followed  by  two  low  pass  filters 
specified  for  the  shift  frequency  range.  Common  to  frequency 
shift  systems  is  the  missing  pedestal  making  the  high  pass  filter 
useless.  Moreover,  in  a  quadrature  system  a  high  pass  filter  at 
the  quadrature  signal  output  would  reject  the  information  of  zero 
velocities,  because  zero  velocities  generate  DC  quadrature  sig¬ 
nals,  see  Miiller  et  al  (1995). 
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If  the  LDA  is  not  a  frequency  shift  system  and  does  not 
produce  a  quadrature  signal,  the  quadrature  signal  must  be  gen¬ 
erated.  It  has  to  be  remarked  that  the  quadrature  signal  genera¬ 
tion  method  cannot  supply  directional  information,  because  sin¬ 
gle  Doppler  signals  have  none,  also  zero  velocities  cannot  be 
processed.  But  for  single  Doppler  signals  including  some  peri¬ 
ods  quadrature  signals  can  be  generated  in  real  time  by  delaying 
the  Doppler  signal  by  a  quarter  of  a  period  T  or  by  differentia¬ 
tion.  The  delaying  method  needs  to  know  a  priori  the  Doppler 
frequency.  The  differentiation  method  also  needs  an  estimation 
of  the  resulting  Doppler  frequency  because  of  its  influence  as  a 
factor  on  the  amplitude  of  the  differentiated  signal.  It  will  be 
shown  how  they  perform  with  an  assumed  frequency/of  32  and 
with  the  exact  frequency.  The  best  method  is  using  the  Hilbert 
transform  at  the  cost  of  two  real  fast  Fourier  transforms  (RFFT), 
but  it  is  far  from  being  processed  in  real  time.  Whenever  more 
signal  information  than  simply  the  velocity  is  needed,  the  algo¬ 
rithm  is  faster  than  short  time  Fourier  transforms  (STFT)  or 
Wigner-Ville  time  series  analysis. 

The  methods  investigated  use  the  single  Doppler  signal  / 
with  the  frequency /to  generate  the  quadrature  signal  g: 

Delay  method:  Q.  =  7.^^  and  T=l/(4/) 

Differentiation:  Q.  =  (7^,-7.  ,)/(2ro)  and  m  =  Inf 

Hilbert  transform:  2  =  RFFT  '0  RFFT(7)) 

The  mean  frequency  /  of  the  quadrature  method  best  is 
calculated  using  a  weighted  linear  regression.  The  squared  am¬ 
plitudes  a.  comfortably  can  be  used  as  weighting  coefficients. 
To  eliminate  the  noise  floor,  small  amplitudes  are  set  to  zero. 

The  mean  frequency /of  the  counter  method  was  evalu¬ 
ated  using  a  linear  interpolation  of  zero  crossing  points  of  signal  7 
at  a  moderate  signal  level  and  by  counting  the  number  of  peri¬ 
ods  in  the  time  interval  to  get  the  averaged  period. 

The  mean  frequency /of  the  Fourier  method  was  obtained 
by  determination  of  the  centre  of  gravity  of  the  Doppler  peak  in 
the  spectra. 

A  computer  simulation  of  Doppler  signals  with 
SNR  =  20  dB  has  been  performed  to  compare  a  simple  counter 
processor  model,  the  Fourier  (FFT)  and  the  quadrature  methods 
using  delayed,  differentiated  and  Hilbert  transformed  signals. 
The  sample  burst  fits  completely  due  to  its  raised  cosine  shape 
into  the  observation  window  of  512  sample  points,  indexed  in 
the  upper  equations  by  /  with  a  depth  of  eight  bit.  The  frequency 
equivalent  to  the  number  of  periods  in  the  window  was  varied 
from  4  to  64.  Figure  2  shows  the  averaged  error  curve  of  6000 
processed  bursts  for  each  method. 

The  Fourier  method  and  the  quadrature  method  using  the 
Hilbert  algorithm  are  in  accordance  with  the  Cramer-Rao  bound, 
see  Wriedt  et  al  (1989).  The  quadrature  method  using  a  constant 
time  delay  of  four  sample  points  shows  better  results  in  a  large 
range  than  the  counter  processing  algorithm  using  interpolated 
zero  crossings.  Remarkable  is  the  fact,  that  at  a  frequency  of  4 
the  signal  is  not  in  a  real  quadrature,  because  the  phase  shift 
between  the  inline  and  quadrature  signal  is  only  11,25°. 


Fig.  2  Comparison  of  frequency  uncertainties  for  several 
Doppler  analysis  methods 


But  the  constant  time  delay  method  fails  completely,  when 
the  phase  difference  between  inline  and  quadrature  signal  is  180° 
at  the  frequency  64.  Processing  the  constant  time  delay  method 
twice,  starting  first  with  a  delay  of  one  sample  point  to  get  an 
estimate  and  a  second  time  with  the  estimate  for  the  accurate 
result,  is  shown  if  figure  2  as  exact  time  delay  method  that  also 
approaches  the  Cramer-Rao  bound.  However,  buffering  of  a  com¬ 
plete  signal  is  needed  for  this  reduction  of  uncertainty. 

The  differentiation  method  exhibits  good  results  for  high 
frequency,  but  at  low  frequency  noise  is  increasing  in  the  gener¬ 
ated  quadrature  signal  due  to  the  differentiation  process.  Moreo¬ 
ver,  there  is  a  misfit  of  the  amplitudes  between  the  inline  and  the 
quadrature  signal,  i.e.  at  a  frequency  of  4  the  amplitude  of 
quadrature  signal  Q  is  only  one  by  eight  of  the  inline  signal 
amplitude. 

Both  constant  delay  and  differentiation  methods  show  bet¬ 
ter  results  in  the  mean  frequency  evaluation  than  the  counter 
method  due  to  the  high  tolerance  of  the  quadrature  algorithm  on 
phase  deviations  and  amplitude  mismatch.  Together  with  the  lin¬ 
ear  regression  using  the  signal  energy  as  weighting  factor  these 
methods  compensate  for  arising  errors  from  phase  and  ampli¬ 
tude.  In  a  real  measurement  the  linear  regression  presents  also  a 
simple  indicator  to  signal  validation,  the  regression  coefficient. 
Strong  deviations  from  the  linear  behaviour  of  the  phase  course 
can  easily  be  rejected  by  allowing  only  validations  with  a  re¬ 
gression  coefficient  near  to  one.  In  the  outlined  computer  simu¬ 
lation,  the  validation  has  been  left  out. 


3.  EVALUATION  OF  ACCELERATION  IN  THE 
MEASURING  VOLUME 

The  quadrature  analysis  allows  an  easy  access  to  the  mo¬ 
mentary  location  of  a  scatterer  in  the  measuring  volume.  Differ¬ 
entiation  versus  time  also  gives  the  momentary  velocity.  By  com¬ 
paring  the  momentary  velocity  with  the  mean  velocity,  the  mean 
acceleration  is  evaluable  using  again  regression  methods.  To 
show  the  sensitivity  of  the  method,  a  frequency  change  of  1% 
inside  a  Doppler  signal  with  an  overall  SNR  of  20  dB  using 
constant  white  noise  was  generated  and  analyzed  with  the 
quadrature  method  and  compared  with  the  large-scale  Wigner- 
Ville  analysis,  see  Skerl  et  al  (1994).  Figure  3  depicts  the  mo¬ 
mentary  frequency  (broken  straight  line)  and  the  results  of  both 
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methods.  In  the  middle  of  the  signal  where  amplitudes  and  the 
SNR  are  high,  both  methods  perform  with  a  good  accuracy.  Be¬ 
cause  the  quadrature  analysis  is  faster  and  needs  far  less  memory 
in  a  computer,  it  is  a  good  instrument  to  improve  the  parallelity 
in  the  fringe  system,  or  to  measure  tracer  behaviour  in  shocks  or 
gradients  in  reversing  flows. 


Fig.  3  Linear  frequency  change  of  1  %  analyzed  by  Wigner- 
Ville  and  quadrature  method 


4.  PHASE  DOPPLER  SIGNAL  ANALYSIS  USING 
QUADRATURE 

The  quadrature  analysis  can  be  an  enrichment  for  phase 
Doppler  data  reduction  systems.  No  correlation  has  to  be  calcu¬ 
lated,  only  the  phase  curves  of  both  quadrature  signals  simply 
have  to  be  subtracted.  Moreover,  in  the  complicated  dual  burst 
system  [5]  when  a  reflected  part  of  light  is  followed  by  a  re¬ 
fracted  one,  no  more  special  time  resolving  spectral  methods 
are  needed.  Again,  a  simulation  of  two  phase  Doppler  signals 
with  an  SNR  of  20  dB  and  with  a  differential  phase  jump  from 
-45°  (reflection  mode)  to  +15°  (refraction  mode)  are  exhibited 
in  figure  4.  Each  double  burst  PDA  signal  consists  actually  of  a 
pair  of  overlapping  signals  and  is  changing  its  phase  smoothly 
in  the  middle  of  the  figure,  the  first  by  120°  and  the  second  by 
60°.  Both  dual  burst  Doppler  signals  are  shown  in  the  upper  part 
of  the  figure.  The  resulting  phase  difference  can  be  seen  in  the 
lower  part  of  figure  4.  In  general,  the  phase  difference  of  phase 
Doppler  signal  should  be  between  -180°  and+180°,  the  modulo 
function  eventually  has  to  be  used  to  keep  the  remainder  of  the 
phase  difference  inside  this  range.  It  has  not  been  proofed  that 
the  phase  analysis  operates  at  the  Cramer-Rao  bound,  but  it  prom¬ 
ises  that  it  does. 

The  amplitude  maxima  of  the  dual  burst  PDA  signals  de¬ 
note  supplementarily  at  which  parts  of  the  signals  the  phase  dif¬ 
ference  of  the  reflection  and  of  the  refraction  mode  has  to  be 
evaluated.  This  additional  information  allows  not  only  to  meas¬ 
ure  the  diameter  of  the  scatterer  but  also  its  refraction  index. 
The  phase  difference  change  in  such  type  of  PDA  needs  a  sur¬ 
vey  on  the  velocity  measurement.  The  phase  change  has  influ¬ 
ence  on  the  velocity  measurement  because  it  deceives  an  accel¬ 
eration  that  it  not  present  in  reality.  In  order  to  measure  the  ve¬ 
locity  of  a  scatterer  in  a  dual  burst  PDA,  very  similar  to  measure 
the  surface  velocity  in  vibrometer  applications,  the  phase  chang¬ 
ing  part  of  the  signal  has  to  be  left  out.  One  tool  is  the  amplitude 


criteria  exhibiting  strong  phase  jumps  inside  a  signal  at  places 
of  a  diminished  amplitude.  A  second  tool  is  to  analyse  the  accel¬ 
eration.  When  there  is  a  sudden  strong  acceleration  inside  a  sig¬ 
nal  of  a  scatterer,  it  is  a  phase  change  and  this  part  has  to  be 
rejected. 


Fig.  4  Dual  burst  PDA  signals  and  their  phase  difference 
curve 


There  are  certainly  a  number  of  unnamed  applications  where 
quadrature  analysis  gives  an  easy  and  fast  access  to  the  solution. 
It  has  been  the  aim  to  recognize  the  LDA  signal  as  a  description  of 
the  scatterer’s  location  in  the  measuring  volume.  The  derivates 
versus  time  of  the  location  allows  to  measure  velocity  and  accel¬ 
eration.  Also  the  phase  difference  measurement  in  PDA  applica¬ 
tions  can  be  understood  as  a  distance  measurement  between  two 
distinct  parts  on  or  in  a  scatterer.  To  put  the  algorithm  in  practice, 
a  fast  conversion  method  has  been  developed  for  use  in  comput¬ 
ers  and  in  a  ASIC  circuit  in  the  following. 

5.  IMPLEMENTATION  OF  QUADRATURE  ANALYSIS  IN 
ASIC 


To  use  the  promising  quadrature  signal  analysis  for  data 
reduction,  a  new  type  of  processor  was  designed  according  to 
figure  5. 


Fig.  5  Basic  Doppler  processor  using  quadrature  signal 
analysis 


Two  Analogue  to  Digital  converters  (A/D)  digitize  the 
inline  /  and  the  quadrature  signal  Q.  Without  a  quadrature  sig¬ 
nal,  a  substitute  signal  can  be  generated  from  the  inline  signal 
with  a  shift  register  or  a  differentiation  circuit  to  obtain  the  miss¬ 
ing  signal.  Instead  of  calculating  the  phase  (p  via  the  arcus  tan¬ 
gent  function  from  two  eight  bit  values,  a  look-up  table  for  (p  of 
64  Kbytes  is  easy  and  covers  all  combinations.  One  64  Kbytes 
table  gives  the  momentary  value  of  the  squared  amplitude, 
the  second  table  gives  a  phase  (p  ‘.  Because  the  table  with  phase 
can  only  present  values  between  -tc  and  +7t  (modulo  of  27t),  two 
successive  samples  are  differentiated.  The  phase  differences  again 
are  integrated  to  yield  the  complete  phase  (pas  shown  in  figure  lb. 
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Leaps  in  the  change  of  <p  ‘  from  -7t  to  +7i  and  vice  versa  contra¬ 
dict  the  Nyquist  theorem  and  are  suppressed  simply  by  neglect¬ 
ing  the  carry  signal  of  the  differentiating  circuit  ( ©  ).  The  digi¬ 
tized  output  signals  a\t)  and  cp  (r)  can  now  be  easily  processed 
by  using  subtracter,  adder  and  multiplier  and  accumulator  cir¬ 
cuits  to  obtain  velocity  and  acceleration  mean  values.  A  first 
approach  to  evaluate  velocity  has  been  performed  in  one  field 
programmable  gate  array  (FGA  Xilinx  3000).  To  be  operated  at 
100  MHz,  the  EPROMs  for  the  arcus  tangent  and  amplitude  ta¬ 
bles  have  been  substituted  by  fast  static  RAM. 


6.  CONCLUSIONS 

A  method  to  investigate  Doppler  signals  in  the  time  do¬ 
main  using  quadrature  algorithm  schemes  has  been  outlined.  It 
has  been  shown  in  the  case  of  a  single  scatterer  that  this  method 
stands  out  for  a  minimum  of  uncertainty  of  determining  reduced 
data.  The  sinusoidal  shape  of  the  Doppler  signal  can  be  linearized 
in  real  time  and  also  processed  in  real  time.  Not  only  velocity 
but  also  acceleration  is  measurable.  The  method  allows  to  study 
without  effort  the  momentary  parameters  of  interest,  as  shown 
for  the  case  of  accelerating  flows  and  more  complicated  dual 
burst  PDAs.  The  implementation  of  the  algorithm  into  hardware 
is  possible  without  great  requirements  and  leads  to  a  highly  mini¬ 
aturized  new  type  of  LDA  processor. 
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ABSTRACT 

A  new  method  to  measure  the  burning  rate  of  planar 
premixed  turbulent  flames  stabilized  in  stagnation  flow  is 
explored.  The  principle  is  to  detennine  the  mass  of 
reactants  burned  within  a  control  volume  that  extends 
from  pure  reactants  to  the  stagnation  plane.  The  method  is 
based  on  the  balance  of  conditional  mass  fluxes  in  this 
control  volume.  Following  this  method,  mean  burning 
rates  and  turbulent  flame  speeds  can  be  deduced  from  the 
measurements  of  the  conditional  reactant  velocities  and 
the  reaction  progress  variable.  This  measurement 
technique  is  applied  in  this  study  to  premixed  turbulent 
flampc  in  the  opposed  jet  configuration  and  this  paper 
describes  the  results  of  an  initial  parametric  study. 


1.  INTRODUCTION 

The  determination  of  the  turbulent  flame  speed  and 
the  mean  reaction  rate  in  premixed  turbulent  combustion 
is  a  fundamental  problem  for  many  energy  systems.  Many 
configurations  and  methodologies  have  been  adopted  to 
caiacterize  them.  A  few  years  ago,  Cho  et  al.  (1986) 
introduced  the  use  of  the  turbulent  stagnation  flow 
configuration  for  fundamental  studies  of  premixed 
turbulent  flames.  They  demonstrated  that,  because  of  its 
planar  configuration,  the  stagnation  flame  is  useful  to 
determine  the  propagation  speed  of  turbulent  premixed 
flames.  Following  previous  studies  by  Wu  et  Law  (1984) 
and  Law  et  al.  (1986)  for  laminar  flames  in  this 
configuration,  the  turbulent  burning  velocity  defined  as  the 
mean  axial  velocity  at  the  upstream  boundary  of  the 
turbulent  flame  brush.  However,  recent  work  by  Shepherd 
and  Kostiuk  (1994)  showed  that  the  flow  speed  at  the 
leading  edge  of  a  flame  stabilized  in  a  divergent  flow 
cannot  be  used  to  determine  the  mean  burning  rate.  In  a 
more  recent  paper,  Kostiuk  and  Shepherd  (1996)  have 
detailed  the  way  to  obain  the  turbulent  flame  speed  based 
on  the  determination  of  the  mean  burning  rate  accross  a 
flame  brush.  A  technique  for  directly  measuring  the  mean 
burning  rate  of  steady  turbulent  flames  in  divergent  flows 
has  been  proposed.  The  analysis  is  limited  to  the 


assumption  of  the  wrinkled  flame  regime  where  the  flame 
front  is  assumed  to  be  a  thin  reaction  zone.  This  techmque 
is  applied  here  to  flames  stabilized  in  opposed  turbulent 
flows.  The  present  paper  describes  the  results  of  an  initial 
parametric  study. 

2.  EXPERIMENTAL  SYSTEM 

Figure  1  shows  the  experimental  set-up.  Two 
geometrically  identical  burners  (30  mm  diameter)  are 
moimted  on  a  computer  controlled  two-axe  traverse 
system.  The  upper  one  is  water-cooled.  The  burners  are 
supplied  with  identical  premixed  methane/air  mixtures. 
The  nozzles  are  placed  such  that  the  generated  opposed  jet 
flowfield  produces  an  axisymmetric  free  stagnation  plane. 
The  jets  are  surrounded  by  a  co-flow  of  air  (exit  section  50 
mm)  that  homogenizes  the  turbulence  and  reduces  the 
buoyancy  of  the  flames  (Mounaim  and  Gokalp,  1993). 
Thus,  a  uniform  velocity  profile  for  large  radial  distances 
is  preserved.  A  perforated  plate,  placed  at  40  mm 
upstream  of  the  nozzle  exit  generates  the  turbulence.  The 
perforated  plates  have  3  mm  holes  and  a  blockage  ratio  of 
50%.  The  turbulence  intensity  at  the  exit  of  the  nozzle  is 
10%  with  an  integral  length  scale  of  3.5  mm. 

The  laser  diagnostic  system  provides  one  point 
information  on  both  the  dynamic  and  scalar  fields.  The 
flow  velocities  are  measured  by  using  a  2  color  (green 
514.5  nm  and  blue  488  nm),  2  component  laser  Doppler 
velocimeter.  A  2  Watt  beam  from  an  argon-ion  laser  is 
focused  in  an  optical  fibre.  The  cyan  color  beam  is 
separated  into  two  beams;  one  cyan  beam  is  then  re¬ 
separated  into  a  blue  and  a  green  beam.  The  beams  are 
frequency  shifted  by  a  Bragg  cell  and  a  differential 
frequency  of  5  Mhz  is  used  for  both  components  for 
removal  of  directional  ambiguity.  The  axial  velocity 
component  is  measured  by  using  the  cyan  and  the  blue 
beams  and  the  radial  one  is  measured  by  using  the  cyan 
and  the  green  beams. 

Doppler  bursts  are  collected  by  two  photo¬ 
multipliers  assembled  with  a  color  separator  on  an  optical 
lens  system  placed  in  the  forward  scattering  direction  at 
approximately  15°  from  the  optical  axis.  The  signals  are 
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analyzed  by  a  TSI  processor  DFA  755  to  determine  the 
local  flow  velocity.  The  signals  from  the  LDA  processor 
are  filtered  (low  pass  filter  10  Mhz,  high  pass  filter  1 
Mhz)  and  amplified  before  computer  storage  for  post¬ 
processing.  The  data  are  analysed  to  obtain  the  mean  and 
rms  fluctuations  of  the  two  conditional  reactant  velocity 
components.  At  each  measurement  position,  10240  pairs 
of  validated  velocity  data  points  are  stored.  Seeding  is 
provided  by  olive  oil  droplets  with  mean  size  less  than  1 
pm  introduced  into  the  flow  by  an  atomizer.  The 
disappearance  of  the  droplets  at  the  flame  front  provides 
an  indicator  function  for  the  presence  of  reactants  or 
products  from  which  the  reaction  progress  variable  “  may 
be  readily  determined. 

The  reaction  progress  variable  ”  is  obtained  by 
collecting  the  Mie  scattering  intensity  with  another 
photomultiplier  and  lens  assembly  with  a  514.5  nm 
interferential  band  pass  filter  placed  also  in  the  forward 
scattering  direction  at  approximately  15°  from  the  optical 
axis.  The  intensity  of  the  signal  from  the  multiplier  is 
converted  into  voltage  with  a  20  kQ  resistor.  The  data 
acquisition  system  DAS-50  collects  10®  points  at  a 
sampling  rate  of  375  kHz.  The  shape  of  the  signal  is 
insensitive  to  a  sample  rate  above  100  kHz.  The  Mie 
scattering  signal  (figure  2)  resembles  a  random  telegraph 
signal  with  a  sharp  transition  between  signal  levels 
representing  the  reactants  and  the  products.  A  typical  pdf 
of  the  Mie  scattering  signal  in  figure  3  shows  two  well- 
separated  peaks.  The  products  and  the  reactants  are 
perfectly  distinct.  Consequently,  the  local  value  of  F  can 
be  easily  determined  by  specifying  a  threshold  criterion 


near  the  mid  range  intensity  and  then  by  evaluating  the 
percentage  of  time  spent  in  the  jrroducts.  The  local  value 
of  the  progress  variable  is  then: 


where  and  are  the  mean  passage  times,  of 
reactants  and  products,  respectively. 


3.  EXPERIMENTAL  METHODOLCXjY 


The  method  described  by  Kostiuk  and  Shepherd 
(1996)  to  estimate  the  burning  rate  of  a  flame  is  adapted 
here  to  flames  stabilized  in  turbulent  opposed  jet  flows. 
Consider  the  control  volume  shown  in  figure  4  which 
extends  from  pure  reactants  (F  aO)  to  the  stagnation  plane 
(Fal)  with  a  diameter  D.  The  mass  burned  within  the 
control  volume  is  the  difference  between  the  mass  flow  of 
reactants  into  and  out  of  the  control  volume.  The  mean 
burning  rate  is  then  given  by 


out 


Fig.  1  Schematic  of  the  experimental  set-up 
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The  mass  flow  of  reactants  into  the  control  volume 
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Fig.  2  Mie  scattering  signal  and  crossing  times  t,  and  tp 


Fig.  3  Pdf  of  a  Mie  scattering  signal 


is: 


—  kD  — 

Wjn  =  Pr^c=0 
4 


and  the  expression  for  the  mass  flow  of  reactants  out 
of  the  control  volume  is: 


—  TtDpp 

^out  “ 


Where  U  and  V  are  the  mean  axial  and  radial 
velocities  of  the  reactants  respectively,  p;.  is  the  reactant 
density.  The  term  (1-e)  represents  the  fraction  of  time 
the  reactants  spend  in  a  given  point  of  space.  Dividing  this 
burning  rate  by  the  reactants  density  leads  to  the  mean 
turbulent  burning  velocity  Sy 


This  mean  turbulent  burning  velocity  is  different 
from  the  local  flame  propagation  speed  of  a  flame  front 
relative  to  a  turbulent  flow.  This  speed  measures  the 
overall  consumption  rate  of  the  turbulent  flame  brush. 

4.  EXPERIMElSrTAL  RESULTS 

The  burning  rate  and  the  turbulent  burning  velocity 
are  determined  for  various  diameters  D  of  the  control 
volume.  Measurements  of  the  radial  velocities  and  the 
progress  variable  are  performed  along  traverses  8,10  and 
12  mm  from  the  stagnation  Experimental  measurements 
were  made  with  a  premixed  methane/air  mixture  of 
equivalence  ratio  1.0  and  with  an  exit  velocity  of  5  m/s. 
The  bulk  strain  rate  defined  by  the  velocity  gradient  at  the 
upstream  edge  of  the  flame  front  is  225  s"'.  line. 

For  this  first  set  of  experiments,  the  flow  conditions 
are  chosen  far  from  extinction.  The  two  flames  are  well- 
separated  and  the  mean  progress  variable  F  from  the  Mie 
■aranaring  signal  is  equal  to  1  in  the  region  between  the 
two  flames. 

As  shown  in  figure  5,  all  curves  of  the  mean  progress 
variable  F  collapse  on  to  one  curve  when  Z  -  Zj-_o  5  is 
normalized  by  the  turbulent  flame  brush  thickness  5j-, 
based  on  the  relation 

~  1^?=0.95  ~  ^£=0.05! 

The  behaviour  of  the  progress  variable  obtained  by 
Mie  scattering  measurements  can  also  be  correctly  fitted 
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Fig.  5  Progress  variable  versus  a  normalized  distance 


Fig.6  Normalized  flamelet  crossing  frequency  versus  c 
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Fig.7  Radial  velocity  ot  the  reactants  in  the  flame  brush 
for  different  control  volume  diameters 


with  the  expression  given  by  Deschamps  (1990)  for 
conical  flames  and  it  agrees  wi&  the  Rayleigh  scattering 
measurements  in  opposed  jet  flames  by  Mounaim- 
Rousselle  (1993) 


_ 1 _ 

1  +  exp(-6(Z  -  Zc=0.5  )  ^  ) 


Figure  6  represents  the  flamelet  crossing  frequency  v 
normalized  by  its  maximal  value  Vmax-  The  results  are 
found  to  be  in  good  agreement  with  those  of  Mounaim- 
Rousselle  (1993)  using  Rayleigh  scattering  measurements 
in  a  opposed  jet  configuration  and  with  the  BMCL  model 
that  predicts  v/ =4c(l-c)  under  the  assumption  of 

a  constant  integral  time  scale  f  of  the  scalar  field  (Bray  et 
al.  1988).  The  characteristics  of  the  flames  in  the  opposed 
jet  configuration  obtained  with  Mie  scattering 
measuements  are  comparable  with  Rayleigh  scattering 
measurements  that  are  directly  representative  of  the 
temperature. 

Figure  7  represents  the  behaviour  of  the  radial 
velocity  in  the  flame  brush  for  different  control  volume 
diameters.  The  radial  velocity  is  only  slightly  modified  by 
the  flame  brush.  The  reactant  flux  out  of  the  control 
volume  is  then  obtained  by  weighting  the  radial  velocity 
with  the  function  (1  -  c) .  An  example  of  the  variation  with 
axial  distance,  for  each  side  of  the  control  volume  around 
the  symmetry  axis,  of  the  integrand  on  the  right  hand  side 
of  the  equation  for  the  mass  flow  of  reactants  out  of  the 

control  volume,  is  shown  in  figure  8.  The  mass 

flow  rate  of  reactants  leaving  the  control  volume  is  then 
subtracted  from  the  axial  mass  flow  rate  of  reactants  at  the 
cold  boundary  of  the  flame,  .  The  difference  between 
the  two  fluxes  gives  the  mass  flow  rate  of  reactants 
consumed  in  the  control  volume.  Figure  9  shows  the 
burning  rate  determined  for  each  control  volume 
diameters. 

Dividing  the  burning  rate  by  the  imbumed  gas 
density,  the  mean  turbulent  burning  velocity  can  be 
deduced  (figure  10).  The  mean  turbulent  burning  velocity 
is  found  to  be  independent  of  the  size  of  the  experimental 
control  volume.  Consequently,  the  flame  is  uniform  near 
the  stagnation  streamline. 

A  second  set  of  experiments  is  made  with  varying 
flow  conditions  in  order  to  approach  the  extinction  limits. 
The  turbulence  characteristics  at  the  exit  of  the  burner  are 
here  9%  with  an  integral  length  scale  of  8  mm.  The  fixed 
equivalence  ratio  is  0.9. 

In  the  oppposed  jet  configuration,  the  extinction 
limit  for  a  flame  at  a  fixed  equivalence  ratio  is  related  to 
the  imposed  flame  stretch.  This  stretch  rate  is  a 
combination  of  the  effects  of  flow  divergence  and 
turbulence.  Moreover,  in  this  configuration,  the  turbulence 
intensity  and  the  bulk  strain  K  are  coupled.  The  bulk  strain 
is  estimated  through  the  velocity  gradient  -dUldz  or  it  can 
be  approach  with  the  expression  2Uo/H  where  Uo  is  the 
mean  axial  exit  velocity  and  H  the  distance  between  the 
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Distance  from  stagnation  plane  Z  (mm) 

Fig.8  Variation  of  the  radial  reactant  flux  with  axial 
distance 
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Fig.9  Bunting  rate  for  each  control  volume  diameter 
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Fig.  10  Turbulent  velocity  for  each  control  volume 
diameter 


two  burners.  Consequently,  an  increase  of  the  mean  axial 
velocity  implies,  at  ^e  same  tiine,  an  increase  ot  the  bulk 
strain  rate  due  to  the  divergence  of  the  flow  and  an 
increase  of  the  turbulent  kinetic  energy.  When  the  stretch 
imposed  upon  the  flame  increases,  the  two  flames  move 
closer  together  until  they  visually  appear  as  a  single 
reaction  zone.  The  maximum  value  of  the  progress 
variable  ~  decreases  below  1,  and  fmally,  global 
extinction  occurs. 

Figure  1 1  shows  the  variation  of  the  mean  burning 
rate  as  a  function  of  the  maximum  value  of  the  progress 
variable  in  the  flame  brush.  The  variation  of  the  mean 
burning  rate  with  kinetic  energy  at  the  leading  edge  ot  the 
flame  front  is  presented  in  figure  12.  In  figure  13,  the  bulk 
strain  K  experienced  by  the  flame  during  the  experiments, 
given  here  by  the  axial  gradient  velocity  -dU/dz,  is  shown. 
The  burning  rate  initially  increases  with  both  turbulent 
kinetic  energy  and  strain  but  subsequently  decreases,  as 
suggested  in  Bourguignon  et  al.  (1996),  when  extinction  is 
approached.  Far  from  the  extinction  limit,  the  mean 
reaction  rate  is  found  to  increase  with  the  strain  rate  and 
the  turbulent  kinetic  energy  as  long  as  the  maximum  value 
of  Fin  the  flame  brush  is  approximatively  between  0.95 
and  1 .  Close  to  the  extinction  limit,  the  maximum  value  of 
F  decreases  (figure  11).  The  mean  reaction  rate,  after 
reaching  a  maximum,  decreases. 

5.  DKCUSSION 

The  mean  turbulent  burning  velocity  shown  in  figure 
10  as  determined  by  the  present  method  can  be  compared 
to  the  classical  definition  used  for  flames  in  a  stagnation 
point  flow,  the  mean  velocity  at  the  cold  boimdary  ot  the 
flame  front.  In  the  case  of  the  opposed  jet  configuration, 
the  mean  axial  velocity  profile  does  not  present  a  well- 
determined  velocity  minimum  like  for  fleunes  stabilized  by 
a  stagnation  plate.  Consequently,  we  here  choose  the  mean 
axial  velocity  at  the  cold  boundary  of  the  flame  front.  This 
boundary  is  defined  as  the  position  where  the  progress 
variable  is  F= 0.05,  indicating  the  beginnmg  of  the  flame 
brush.  This  definition  gives  us  a  mean  turbulent 
propagation  speed  of  2.2  m/s.  This  latter  value  is  2.7  times 
larger  than  the  value  deduced  from  the  mean  reaction  rate. 

Therefore,  the  mean  turbulent  burning  velocity,  as 
determined  here  is  different  from  the  mean  displacement 
velocity  of  the  flame  brush. 

Consequently,  the  mean  reaction  rate  determined  by 
the  classical  method  is  overestimated  compared  to  our 
direct  measurements  of  consumed  reactants.  Indeed,  as 
shown  in  figure  8,  in  divergent  flows,  a  large  part  (about 
65%)  of  reactants  entering  at  the  leading  edge  of  the  flame 
leaves  the  control  volume  without  burning.  The  mean 
reaction  rate  estimated  as  the  velocity  at  the  leading  edge 
of  the  flame  brush  do  not  take  into  accoimt  this  fraction  of 
reactants  leaving  the  control  volume  without  burning. 

The  normalization  by  the  unstretched  laminar 
burning  velocity  (Slo=0.43  m/s)  gives  St/Slo=1.9  instead 
of  St/Slo=5.1  with  the  classical  definition.  The  turbulence 


Maximum  value  of  progress  variable  c 


Fig.  11  Variation  of  the  mean  burning  rate  with  the 
maximum  value  of  F 


Fig.  12  Variation  of  the  mean  burning  rate  with  kinetic 
energy  at  the  cold  boundary  of  the  flame  brush 


Fig.  1 3  Variation  of  the  mean  burning  rate  with  bulk  strain 
due  to  the  divergence  of  the  flow 


intensity  was  u'=0.8  m/s,  i.e.  u'/Slo=  1.9.  For  comparison, 
the  results  ot  Cho  et  al.  (1986),for  turbulent  methane/air 
flames  stabilized  by  a  stagnation  plate  give  tor  u’/Slo=  1.9 
a  set  of  experiments  with  a  ratio  St/Su  between  3.5  and  4. 

Some  uncertainities  in  this  comparison  are  due  to  the 
normalization  ot  St  with  the  unstretched  laminar  bumina 
velocity.  Normalization  with  the  stretched  laminar  burning 
velocity  would  be  helpful  but  there  is  still  no  consensus  on 
the  determination  of  the  stretched  laminar  burning 
velocity(Tien  and  Matalon,  1991).  Therefore,  we  do  not 
know  exactly  to  what  extend  the  variation  of  St  is  caused 
by  changes  in  the  stretched  laminar  burning  velocity  Si,. 

6.  CONCLUSION 

A  measurement  technique  is  used  for  turbulent 
preimxed  flames  in  the  opposed  jet  configuration  to 
measure  the  mean  burning  rate.  The  technique  is  based  on 
the  difference  between  the  reactants  mass  flow  in  and  out 
of  a  control  volume. 

The  conditional  reactants  velocities  are  measured 
with  a  two-component  Laser  Doppler  Velocimetry  system 
in  a  flow  seeded  with  oil.  Simultaneous  Mie  scattering 
from  L.D.V  probe  volume  is  used  to  measure  the  mean 
progress  variable.  The  combination  of  velocity  and 
progress  variable  allows  the  determination  of  the  mean 
reactants  fluDC. 

Two  sets  of  experiments  were  conducted  in  order  to 
show  that  turbulent  premixed  flames  in  opposed  jet 
configuration  can  be  used  to  determine  their  mean  burning 
rate  and  its  behaviour  at  the  approach  of  the  extinction 
lirmL  The  present  investigation  shows  that  the  classical 
determination  of  the  turbulent  burning  velocity  defined  as 
the  axial  cold  boundary  velocity  leads  to  an  overestimation 
of  the  mean  burning  rate  because  it  does  not  take  into 
account  the  radial  fliK  of  reactants.  The  mean  burning 
rate  is  found  to  decrease  when  extinction  is  approached, 
with  increasing  strain  rate  and  turbulent  kinetic  energy.  It 
appears  therefore  that  stagnation  flames,  because  of  their 
planar  configuration  and  uniformity  around  the  stagnation 
streamline,  are  a  useful  tool  to  determine  the  burning  rate 
of  turbulent  flames. 

To  complement  this  study,  it  would  be  useful  to 
conduct  a  set  of  experiments  on  stretched  laminar  flames 
in  the  opposed  jet  or  stagnation  plate  configuration  in 
order  to  determine  the  mean  burning  rate  of  stretched 
laminar  flames  by  the  present  method.  In  this  case,  the 
normalization  of  St  by  the  stretched  laminar  burning 
velocity  Sl  would  take  into  accoxmt  the  effect  of  the  bulk 
strain  rate. 
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ABSTRACT 

The  use  of  laser  Rayleigh  scattering,  LRS,  to  study  the 
thermochemistry  of  propane-air  flames  is  shown  to  be 
accurate  in  the  range  of  equivalence  ratios  0.53  <^<  0.70, 
making  use  of  proper  calibration  procedures.  The  results 
have  been  analysed  against  thermocouple  data  and 
quantify  the  effect  of  flame  luminosity  on  Rayleigh 
thermometry. 

The  measurements  have  been  obtained  in  baffle- 
stabilised  flames  for  Re  =  150000  and  the  results  are  used 
to  assess  the  effect  of  swirl,  in  the  range  0  <  S  <  0.33,  on 
the  aerothermochemistry  of  strongly  sheared  flames.  To 
achieve  these  objectives,  a  previously  reported  LRS/LDV 
system  was  conveniently  optimised  and  the  results  show 
that  swirl  attenuates  the  rate  of  turbulent  heat  transfer 
across  the  reacting  shear  layer,  although  it  does  not  alter 
the  existence  of  a  large  flame  zone  characterised  by  non¬ 
gradient  scalar  fluxes.  The  results  have  been  evaluated 
against  those  obtained  with  the  combination  of  LDV  with 
digitally  compensated  thermocouples,  which  are  shown  to 
be  attenuated  by  up  to  50%  mainly  due  to  the  lack  of 
spatial  resolution. 


1.  INTRODUCTION 

Laser  Rayleigh  scattering,  LRS,  has  been  extensively 
used  in  laboratory  flames  to  study  the  thermochemistry  of 
non-luminous  systems  (e.g.  Rajan  et  al.,  1984;  Namer  and 
Schefer,  1985).  Also,  the  results  of  Ferrao  and  Heitor 
(1996-a;-b)  show  that  it  can  be  conveniently  combined 
with  laser  velocimetry  and  used,  with  adequate  spatial  and 
temporal  resolution,  to  quantify  the  distribution  of 
turbulent  heat  fluxes  in  recirculating  flames,  at  least  for 
lean  flames  (i.e.,  (j)  <  0.6),  see  also  the  review  of  Ferrao 
and  Heitor  (1992)  for  details.  Further,  Almeida  et  al. 


(1995)  have  used  a  combined  LRS/LDV  system  to  analyse 
the  effect  of  swirl  on  the  structure  of  strongly-sheared 
baffle-stabilised  flames.  Nevertheless,  the  extent  to  which 
the  technique  can  be  used  to  study  the  details  of  the 
aerothermochemistry  of  flames  with  practical  interest 
remains  to  be  shown,  mainly  due  to  its  limited  application 
to  luminous  flames. 

The  work  reported  in  this  paper  is  intended  to 
contribute  to  this  discussion  by  providing  experimental 
results  on  strongly-sheared  recirculating  propane-air 
flames  as  a  function  of  equivalence  ratio,  in  the  range 
0.53<(t)<l. 

Turbulent  recirculating  premixed  flames  stabilised 
downstream  of  baffles  have  been  shown  to  be 
characterised  by  non-gradient  scalar  fluxes  (e.g.  Takagi  et 
al.,  1984;  Takagi  and  Okamoto,  1987;  Fernandes  et  al., 
1994;  Duarte  et  al.,  1995),  the  extent  of  which  appears  to 
be  particularly  influenced  by  the  magnitude  of  the  mean 
pressure  gradients  associated  with  the  streamline 
curvature  or  because  of  acceleration  of  gases  across  the 
flame  front,  Heitor  et  al.(1987),  Ferrao  and  Heitor  (1995), 
Duarte  et  al.(1995). 

This  paper  provide  further  evidence  of  the  process  of 
turbulent  mixing  in  recirculating  flames  and  extends  the 
results  of  Almeida  et  al.  (1995)  to  improve  the 
understanding  of  the  interaction  between  gradients  of 
mean  pressure  and  density  fluctuations.  The  effect  of  swirl 
on  the  aerothermochemistry  of  propane-air  recirculating 
flames  is  particularly  addressed,  which  has  been  possible 
due  to  the  combination  of  laser  Rayleigh  thermometry  and 
laser  Doppler  velocimetry. 

The  next  section  describes  the  experimental  method 
and  give  details  of  the  extent  to  which  the  LRS  can  be 
used  in  propane-air  flames.  Section  3  presents  and 
discusses  sample  results  and  the  last  section  provides  the 
main  conclusions  of  the  work. 


7.3.1 


2.  THE  EXPERIMENTAL  METHOD  AND  ACCURACY 
2.1  The  Flames  Studied 

The  experiments  reported  in  this  paper  were 
conducted  in  unconfined  swirling  and  non-swirling 
premixed  flames  of  air  and  propane,  stabilised  on  a  disk 
with  D  =  56  mm  in  diameter,  which  is  located  at  the  exit 
section  of  a  contraction  with  80  mm  in  diameter.  The 
annular  bulk  velocity  is  equal  to  Uo  =  42.4  m/s,  resulting 
in  a  Reynolds  number,  based  on  the  disk  diameter,  of  1.5 
X  10^.  Swirl  could  be  imparted  to  the  premixed  reactants 
by  a  set  of  curved  blades,  located  upstream  of  the 
contraction,  resulting  in  a  swirl  number  of  S  =  0.33.  The 
equivalence  ratio  was  varied  between  0.53  and  1,  although 
most  of  the  flames  characterised  in  this  paper  correspond 
to  lean  flames,  with  <[)  =  0.55. 

2.2.  The  Experimental  Techniques 

The  instrumentation  used  throughout  this  work 
consists  on  a  combined  LDV/LRS  system,  which  was 
based  on  a  single  laser  light  source  (5  W  argon-ion  laser) 
as  represented  in  figure  1.  The  system  has  derived  from 
that  described  by  Duarte  et  al.  (1995)  and  Almeida  et  al. 
(1995),  as  the  main  data  acquisition  system  includes  a  16 
bits  analogue/digital  converter,  in  place  of  the  1 2  bits  data 
acquisition  board  previously  used. 

The  velocimeter  was  based  on  the  green  light 
(514.5  nm)  of  the  laser  and  was  operated  in  the  dual¬ 
beam,  forward-scatter  mode  with  sensitivity  to  the  flow 
direction  provided  by  a  rotating  diffraction  grating.  The 
calculated  dimensions  of  the  measuring  volume  at  the  e'^ 
intensity  locations  were  606  pm  in  length  and  44  pm  in 
diameter. 
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Fig.  1  Schematic  diagram  of  the  combined  LDV/LRS 
system,  together  with  thermocouple  probe. 


The  Rayleigh  scattering  system  was  operated  from  the 
blue  line  of  the  same  laser  source,  which  was  made  to  pass 
through  a  5:1  beam  expander.  The  light  converged  in  a 
beam  waist  of  50  pm  diameter  was  collected  at  90°  from 
the  laser  beam  direction  with  a  magnification  of  1,  and 
passed  through  a  slit  of  1  mm  length.  The  collected  light 
was  filtered  by  a  Inm  bandwidth  interference  filter  and  a 
polariser,  in  order  to  optimise  the  signal-to-noise  ratio. 

The  signal  was  amplified  and  low  pass  filtered  at 
10  KHz  before  digitalisation.  The  temporal  resolution  of 
the  system  depends  on  the  integration  time  associated  with 
this  filter  which  is  quantified  to  be  50  ps.  This  value, 
associated  with  the  typical  flow  velocities,  give  rise  to 
path  lengths  up  to  2  mm  and,  therefore,  smaller  than  the 
integral  length  scales  in  the  reaction  shear  layer.  The 
resolution  of  the  system  was  confirmed  by  the  measured 
temperature  distributions,  which  include  instantaneous 
values  close  to  either  adiabatic  or  room  temperature, 
confirming  that  the  system  is  capable  of  resolving  the 
temperature  fluctuations  associated  with  the  premixed 
flames  analysed  in  this  work. 

2.3.  The  Accuracy  of  LRS  Thermometry 

The  amplitude  of  the  LRS  signal  collected  from  a 
flame  in  the  wavelength  of  the  laser  source,  V,  results 
from  three  main  sources  (e.g.,  Eckbreth,  1988): 

i)  The  Rayleigh  scattering  process,  as  the 
electromagnetic  radiation  resulting  from  the  elastic 
interaction  between  the  incident  electric  field  and  the 
electric  field  of  the  molecules  in  the  gas  (with  d/X  «  1 , 
where  d  is  the  particle  or  molecule  diameter  and  X  is  the 
wavelength  of  the  laser  beam); 

ii)  The  Mie  scattering  process,  as  the  dispersion  of  the 
incident  light  caused  by  particles  (i.e.,  d/X  >  1)  present 
in  the  flame,  including  soot; 

iii)  The  radiation  emitted  by  different  molecular  species 
formed  during  the  combustion  reactions. 

As  the  collecting  optics  cannot  discriminate  the 
different  light  sources,  but  just  maximise  the  overall 
signal  to  noise  ratio,  dedicated  signal  processing  and 
calibration  techniques  were  used  to  extend  the  utilisation 
of  the  LRS  technique.  This  is  achieved  by  compensating 
for  the  so-called  “non-Rayleigh”  contributions  (namely,  ii 
and  iii  above)  possible  as  long  as  they  are  not  dominant 
and  are  uncorrelated  with  the  LRS  signal.  The  related 
assumptions  essential  for  the  calibration  procedure  are 
discussed  bellow. 

The  Mie  scattering  signals  (i.e.,  ii  above)  are  detected 
by  derivative  and  amplitude  criteria  as,  at  least  for  large 
particles  with  d/X  »  1,  the  light  dispersed  by  a  particle 
causes  a  significative  distortion  in  the  collected  signal  (see 
Ferrao  and  Heitor,  1996-a,  for  details).  The  molecular 
radiation  (i.e.,  iii  above),  Vluhi,  is  considered  to  be  a 
function  of  the  equivalence  ratio  and  is  evaluated  by 
measuring  the  amplitude  of  the  signal  in  the  absence  of 
the  laser  source. 
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A  calibration  procedure  based  on  these  premises  was 
implemented  and  sample  results  obtained  in  the  propane- 
air  flame  considered  in  this  paper  were  compared  with 
measurements  made  using  digitally-compensated  fine-wire 
thermocouples  (Ferrao  and  Heitor,  1996),  in  order  to 
assess  the  limits  of  the  utilisation  of  Rayleigh  thermometry 
as  a  function  of  equivalence  ratio. 

The  procedure  was  implemented  making  use  of 
measurements  made  at  the  centre  of  the  present 
recirculation  zone,  where  gas  analysis  has  shown  complete 
combustion.  In  addition,  reference  conditions  were 
established  for  a  lean  flame,  namely  close  to  extinction, 
for  (j)  =  0.53.  The  related  Rayleigh  signal,  Vh,  at  the 
thermocouple-based  temperature,  Th,  and  the  corrected 
Rayleigh  signal  for  the  reactants  at  ambient  temperature 
were  then  used  to  calibrate  the  technique.  Further 
corrections  for  any  equivalence  ratio,  ((),  were  derived  from 
the  following  equations: 


_ 1 _ 

a(V  -  -Hb 

Ta  -  Th 

T,Th  (Vh  -  VJ 
ThVh  -  TaVa 
TaTH  (Vh  -  V,) 


[1] 

[2] 

[3] 


As  the  equivalence  ratio  is  increased  from  =  0.53, 
the  Rayleigh  signals  Va  and  Vh  vary  due  to  the 
modification  in  the  composition  of  reactants  and  products, 
leading  to  different  Rayleigh  cross  sections  (e.g.,  Namer 
and  Schefer,  1985;  Ferrao  and  Heitor,  1996-a). 
Additionally,  it  should  be  noted  that  for  different 
equivalence  ratios,  Th  do  not  represent  the  temperature  of 
the  products  of  combustion.  Thus,  two  assumptions  were 
considered  as  follows:  i)  The  dependence  of  the  Rayleigh 
cross  section,  a,  on  temperature  is  taken  as  linear,  as 
suggested  by  Raj  an  et  al  (1984)  and  Shepherd  and  Daily 
(1984);  and  ii)  The  ratio  between  the  mean  temperature  in 
the  centre  of  the  recirculation  zone  (i.e.,  for  complete 
combustion)  and  the  adiabatic  flame  temperature  for  each 
value  of  (j)  is  considered  as  constant.  As  a  result,  the  values 
of  the  parameters  used  for  the  calculation  of  equations  [2] 


and  [3]  for  different  equivalence  ratios,  are  corrected 
according  to  table  1 . 

Figure  2  quantifies  the  relative  contribution  of  the 
flame  luminosity  for  the  overall  time-averaged  signal 
collected  along  the  centre  line  of  the  flame,  as  a  function 
of  equivalence  ratio  in  the  range  0.53  <  (|)  <  0.92.  The 
results  clearly  show  that  the  “non-Rayleigh”  contribution 
to  the  overall  signal,  as  mentioned  before,  is  important  for 
(j)  >  0.70  and  precludes  the  utilisation  of  Rayleigh 
Thermometry.  Figure  3  shows  the  related  implications  in 
terms  of  temperature  data,  by  comparing  the  LRS  results 
against  thermocouple  measurements  at  different  locations 
within  the  flame.  It  is  clear  that  for  ())  >  0.70  the  error 
associated  with  the  Rayleigh  measurements,  namely  due  to 
contamination  from  flame  luminosity,  is  larger  than  that 
expected  to  affect  the  thermocouple  from  radiation  losses. 
Further,  for  (j)  >  0.80,  the  error  associated  with  Rayleigh 
thermometry  is  too  large,  that  precludes  the  use  of  this 
technique  in  luminous  flames. 

It  should  be  noted  that  the  Rayleigh  scattering 
measurements  may  be  affected  by  the  photomultiplier 
shot-noise,  which  results  in  an  increase  of  the  signal  rms, 
according  to  the  Poisson  statistics  (e.g.,  Ferrao  and  Heitor, 
1996-a).  This  contribution  is,  for  a  given  experimental  set¬ 
up,  quantified  by: 

™^shot  _  ^  [4] 

V  Vv 

where  k  was  evaluated  according  to  equation  [5]  for  the 
voltage  obtained  by  the  PMT  at  ambient  conditions,  V^, 
and  the  corresponding  rate  of  photons  at  the  cathode,  Rp, 
considering  a  cut-off  frequency  of  the  system  of  f  =  5KHz. 


[5] 


The  velocity-temperature  correlations  reported  in  this 
paper  were  not  compensated  for  the  shot-noise  as  it 
influences  the  temperature  fluctuations,  but  it  is  not 
correlated  with  the  velocity  fluctuations  in  the  flame. 


Table  1  -  Correction  parameters  for  the  calibration  of  the  Rayleigh  signal. 
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Corrected  parameters  for  an  arbitrary  i 
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(t)=0.53  — O— (t)=0.59  — (t)=0-68 
1—0— 6=0.76  — (i)==0.84  —0—6=0.92 

Fig.  2  -  Contribution  of  flame  luminosity  for  the  overall 
time-averaged  signal  collected  along  the  centre  line  of  the 
flame,  as  a  function  of  equivalence  ratio. 


♦  "  Measured  thermocouple  data 


“  ”  Estimated  thermocouple  data  corrected  by  radiation  losses 


LRS  (as  calibrated  against  thermocouple  for 


0.53) 


Fig  3  -  Mean  flame  temperatures  in  the  centre  of  the 
recirculation  zone  obtained  by  fine-wire  thermocouples 
and  calibrated  LRS  for  different  equivalence  ratios. 


3.  RESULTS  AND  DISCUSSION 

The  analysis  above  has  validate  the  use  of  Rayleigh 
thermometry  to  study  non-luminous  propane-air  reacting 
mixtures  for  (})  <  0.70.  We  now  turn  to  exemplify  the  use 
of  the  technique  study  two  different  recirculating  flames 
with  practical  interest,  namely  with  and  without  swirl.  The 
results  include  those  obtained  by  combining  the  Rayleigh 
signal  with  laser  velocimetry  in  order  to  quantify  the 
turbulent  heat  fluxes  in  the  flames  considered. 

The  most  salient  features  of  the  mean  flow 
characteristics  of  the  two  flames  studied  can  be  inferred 
from  the  streamlines  represented  in  figure  4,  together  with 


Streamlines  Turbulent  kinetic  energy 
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Fig.  4  Streamlines  and  distribution  of  turbulent  kinetic 
energy  along  a  vertical  plane  of  symmetry: 

a)  Non-swirling  flame,  b)  Swirling  flame. 

the  distribution  of  turbulent  kinetic  energy.  For  the  non¬ 
swirling  flame  (figure  4a)  the  results  are  similar  to  those 
found  in  other  baffle-stabilised  recirculating  flames  (e.g. 
Heitor  et  al,  1987;  Ferrao  and  Heitor,  1995),  in  that  they 
exhibit  a  recirculation  region  extending  up  to  x/D  =  2.21, 
where  the  fluid  has  a  large  and  fairly  uniform  mean 
temperature,  surrounded  by  annular  region  of  highly 
sheared  fluid  where  gradients  of  mean  temperature  are 
large. 

The  single  recirculation  zone  of  the  unswirled  flame  is 
to  be  contrasted  to  that  of  the  swirling  flame,  figure  4  b), 
which  is  shorter,  wider  and  annular  in  shape,  because  it 
includes  an  inner  annular  vortex  with  positive  velocities 
along  the  centreline  (Almeida  et  al.,  1995).  The  inner 
recirculation  zone  is  associated  with  positive  mean 
velocities  along  the  centreline  up  to  the  first  stagnation 
point  and  rotates  in  the  opposite  sense  to  the  outer 
recirculation  zone.  This  nature  of  the  swirling  flame  is 
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characterised  by  a  comparatively  large  inclination  of  the 
mean  velocity  vectors  at  the  exit  which,  together  with  the 
aspects  mentioned  before,  represents  a  direct  consequence 
of  the  centrifugal  forces  associated  with  the  swirl  motion. 

In  general,  the  results  quantify  highly  strained  flames 
with  maxima  velocity  fluctuations  along  the  shear  layer 
surrounding  the  recirculation  zone.  Turbulence  is  mainly 
generated  by  the  interaction  between  shear  strain  and 
shear  stress  (Ferrao  and  Heitor,  1994),  giving  rise  to  a 
strongly  anisotropic  turbulent  field  with  comparatively 
large  axial  velocity  fluctuations.  As  the  stagnation  point  is 
approached,  the  cross-stream  turbulent  components 
increase  as  a  result  of  the  augmented  importance  of  the 
interaction  between  normal  strains  and  normal  stress  in 
the  conservation  of  turbulent  kinetic  energy,  as  in  other 
recirculation  flows  with  stagnation  points. 

Figure  5  shows  profiles  of  the  measured  turbulent  heat 
transfer  rate  of  the  two  flames  analysed,  together  with  the 
corresponding  mean  velocity  and  the  progress  reaction 
variable. 
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Fig.  5  -  Radial  profiles  of  the  turbulent  heat 
fluxes;  a)  Swirling  flame  at  x/D  =  1 .04.  b)  Non¬ 
swirling  flame  at  x/D  =  1.09. 


The  results  show  that  turbulent  heat  transfer  is  restricted 
to  the  reacting  shear  layers,  where  the  temperature 
gradients  are  significative.  Adtoionallyjjvhile  in  the  non¬ 
swirling  flame  (  figure  5  b),  uV’  and  v~c”  do  not  change 
in  sign,  in  the  swirling  flame  (figure  5  a)  the  sign  of  both 
components  of  the  turbulent  heat  fluxes  change  along  the 
radius,  as  a  result  of  the  complex  interaction  between  the 
pressure  and  temperature  (or  density)  fields. 

Prior  to  the  analysis  of  the  aerothermochemistry  of  the 
flames  considered,  it  is  convenient  to  discuss  the  accuracy 
of  the  results  of  figure  5,  namely  against  those  obtained  by 
combining  LDV  with  bare-wire  thermocouples.  Similar 
comparison  in  non-swirling  flames  (Ferrao  and  Heitor, 
1996-b)  has  shown  that  the  use  of  the  thermocouple 
probes  attenuates  the  measured  velocity-temperature 
correlations  mainly  due  to  the  lack  of  spatial  resolution. 
The  results  of  figure  6  extends  this  conclusion  to  swirling 
flames  and  shows  that  the  results  obtained  from  the  two 
techniques  are  qualitatively  in  agreement,  but  the  lack  of 
spatial  coincidence  between  the  thermocouple  bead  and 
the  LDV  measuring  volume  leads  to  the  underestimation 
of  the  values  of  the  correlations  obtained. 

It  is  clear  that  the  accuracy  of  the  measured  velocity- 
temperature  correlations  is  also  dependent  upon  the 
absolute  accuracy  of  the  time  resolved  measurements  of 
the  progress  variable,  which  is  analysed  in  figure  7 
making  use  of  sample  results  obtained  with  LRS  and 
digitally  compensated  fine-wire  thermocouples.  The 
results  show  that  the  compensation  of  the  LRS  signal  for 
the  pmt  shot-  noise  (as  in  Ferrao  and  Heitor,  1996-a)  gives 
values  in  agreement  with  those  obtained  by  digitally- 
compensated  thermocouples  and  confirms  the  ability  of  the 
procedures  used  for  temperature  fluctuation 
measurements.  In  general,  analysis  has  shown  that  the 
errors  induced  in  the  results  due  to  the  photomultiplier 
shot-noise  depend  upon  the  experimental  conditions  used, 
but  the  net  effect  is  to  increase  the  r.m.s.  of  the 
temperature  fluctuations  up  to  10%  of  the  measured 
values. 


Fig.  6  -  Radial  profile  of  the  turbulent  heat  flux 
components,  measured  by  the  combined  LDV/LRS  and 
LDV/thermocouple  systems,  for  the  swirling  flame  at  x/D 
=  1.04. 
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Fig.  7  -  Radial  profile  of  the  rms  of  the  fluctuations  of 
progress  reaction  variable,  measured  by  LRS  and  digitally 
compensated  thermocouples,  for  the  swirling  flame  at 
x/D=  1.04. 


We  now  turn  to  the  analysis  of  the  turbulent  heat  flux 
in  the  flames  considered  and  figure  8  shows  that  a  large 
component  of  the  related  vectors  is  directed  along  the 
isotherms,  rather  than  normal  to  them,  as  would  be 
expected  form  gradient  transport  models  (Ferrao  and 
Heitor,  1995). 

The  new  features  provided  by  these  results  is  that 
swirl  decreases  the  magnitude  of  the  turbulent  heat  fluxes 
due  to  the  attenuation  of  the  mean  temperature  gradients 
across  the  reacting  shear  layer. 
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a)  b) 

Fig.  8  -  Turbulent  heat  fluxes  superimposed  on  the 
isotherms:  a)  Non-swirling  flame,  b)  Swirling  flame. 


The  results  for  the  non-swirling  flame  have  been 
explained  before  in  terms  of  the  interaction  between  the 
mean  pressure  field  and  the  density  fluctuations  ,  which 
are  important  in  the  process  of  turbulent  transport  typical 
of  reacting  flows.  The  present  results  confirm  the  evidence 
first  given  by  Almeida  et  al.  (1995)  that  this  interaction  is 
affected  by  the  degree  of  swirl  imposed  on  the  flows.  In 


general,  the  results  confirm  that  the  prediction  of  these 
kind  of  flames  must  be  based  on  second  moment,  rather 
than  on  effective  viscosity,  turbulent  model  closures  so  as 
to  capture  the  effects  of  the  mean  pressure  field  in  the 
conservation  of  turbulent  heat  fluxes. 

It  has  been  shown  in  the  literature  that  the  process  of 
“counter  gradient”  heat  transport  can  be  explained  by  the 
preferential  deceleration  of  the  products  of  combustion, 
relatively  to  the  cold  reactants  (e.g.,  Heitor  et  al.,  1987; 
Hardalupas  et  al.,  1996),  and  here  this  is  clearly  shown 
throughout  the  joint  probability  density  function  (pdf)  of 
axial  velocity  and  temperature  of  figure  9. 

The  change  in  sign  of  the  axial  turbulent  heat  flux 
across  the  reacting  zone  at  x/D  =  1.04  is  explained  in 
terms  of  the  mean  pressure  distribution  across  the  double 
recirculation  zone  associated  with  the  swirling  flame  (see 
figure  4b),  which  results  in  the  change  of  the  patterns  of 
the  distributions  of  figures  9  a)  and  9  b).  In  the  zone  of  its 
curved  flame  front,  where  the  flow  is  characterised  by  an 
adverse  pressure  gradient  (as  at  x/D  =  0.57,  figure  9  a), 
the  hottest  “pockets”  of  fluid  are  associated  with  the 
lowest  velocities.  However,  the  radial  heat  flux  is  always 
positive,  as  previously  shown  for  non-swirling  flames. 
This  is  the  expected  direction  of  the  heat  flux  in  baffle- 
stabilised  flames,  which  is  not  altered  by  the  swirl  motion. 
In  summary,  the  evidence  is  that  the  net  turbulent  scalar 
flux  is  particularly  dependent  on  the  mean  pressure 
distribution  in  the  flow  and  occurs  along  directions  in 
which  the  mean  scalar  gradient  is  not  large. 
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Fig.  9  -  Joint  probability  density  functions  of  axial  velocity 
and  temperature  fluctuations,  for  the  swirling  flame  at 
x/D=  1.04. 

a)  r/D  =  0.57  b)  r/D  =  0.46 


4.  CONCLUSIONS 

The  use  of  laser  Rayleigh  scattering,  LRS,  to  study  the 
thermochemistry  of  turbulent  premixed  propane-air  flames 
is  shown  to  be  accurate  for  equivalence  ratios  smaller  than 
0.70,  if  adequate  calibration  procedures  are  used. 

The  results  quantify  the  effect  of  flame  luminosity  on 
the  accuracy  of  Rayleigh  thermometry  and  are  extended  to 
those  of  combined  velocity-temperature  correlations. 

The  shot  noise  associated  with  the  photomultiplier 
used  to  collect  the  Rayleigh  signal  do  not  affect  the 
turbulent  velocity-temperature  correlations  obtained  by  the 
combined  LDV-LRS  system,  which  also  avoids  the 
limitation  previously  found  associated  with  the  lack  of 
spatial  resolution  of  combined  LDV-thermocouple  system. 

Swirl  alters  the  main  aerodynamic  features  of  the 
baffle-stabilised  flames,  in  that  it  generates  two  annular 
counter  rotating  recirculation  zones.  The  results  give 
evidence  of  zones  of  non-gradient  scalar  fluxes  which  are 
associated  with  preferential  deceleration  of  the  combustion 
products  relatively  to  the  cold  reactants.  In  general,  the  net 
turbulent  scalar  flux  occurs  along  directions  in  which  the 
mean  scalar  gradient  is  not  large  and  is  mainly  determined 
by  the  mean  pressure  field  associated  with  the  flames 
studied. 
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ABSTRACT 

Velocity  measurements  by  PIV  are  made  in  a  turbulent 
non  pre-mixed  methane/air  flame  stabilised  by  the  wake 
effect  of  an  obstacle.  The  experimental  choices  made  for  this 
study  resulted  in  a  PIV  bench  which  was  very  simple  of  use. 
The  seeding  concentration  and  the  energy  balancing  of  the 
laser  shots  were  determined  by  luminance  methods.  To 
exploit  quantitatively  the  instantaneous  velocity  fields,  all  the 
components  of  the  experimental  chain  are  calibrated.  The 
optical  aberrations  of  the  lens  optics,  the  non-linearity  of  the 
CCD  sensor,  the  clock  fluctuations  on  the  image  capture  card 
were  all  investigated  separately  in  order  to  estimate  then- 
respective  effects  on  the  correlation  computations.  The 
accuracy  on  the  computation  of  the  correlation  peak  position 
is  calibrated  using  synthetic  images.  We  compare  the  velocity 
measured  by  PIV  to  that  measured  using  LDV.  The  PIV 
vector  fields  converge  after  250  images  towards  the  fields 
obtained  by  LDV.  Analysis  of  the  fluctuating  velocity 
components  in  the  PIV  measurements  reveals  differences 
with  LDV  results  which  are  mainly  caused  by  the  limited 
spatial  resolution  of  the  PIV  method.  The  exploitation  of  PIV- 
specific  information,  i.e.  the  spatial  correlation  of 
measurements,  makes  it  possible  to  quantitatively  study  the 
coherent  structures  present  in  the  flow. 


1  -  INTRODUCTION 

The  knowledge  of  dynamic  fields  in  a  turbulent  flow  is  a 
key  asset  for  the  understanding  and  modelisation  of  complex 
phenomena  which  govern  turbulence  in  industrial  natural  gas 
flames.  For  the  last  few  years,  the  development  of  PIV 
(Gray,  1992)  has  been  heralding  genuine  advances  in  the 
quantitative  study  of  vortical  structures  and  the  complex 
flows  they  generate. 

The  bluff-body  model  burner  is  a  simplified  geometry 
version  of  an  industrial  burner  exploiting  the  wake  effect  of 
an  obstacle  to  stabilise  a  turbulent  non-premixed  flame.  It 
replicates  the  operating  conditions  of  a  full-scale  burner 
while  simplifying  its  study  (axisymmetric  geometry).  It  is  a 
valuable  tool  for  the  investigation  of  the  influence  of  the 
conditions  of  the  methane/air  mixture  on  the  characteristics 
of  the  flame  (stability,  length,  temperature,  polluting 
emissions).  Until  now  the  imaging  techniques  applied  to 
bluff-body  studies  have  been  essentially  species  concentration 
measurements  by  Raman  scattering  and  PLIF  ( Namazian  et 


al,  1988,  Kendrick  et  al,  1996)  or  by  Mie  scattering  ( 
Mokkadem  et  al.,  1996). 

The  processing  of  simultaneous  LDA  velocity  and 
temperature  measurements  (  Neveu  et  al,  1994)  highlighted 
the  shedding  of  hot  gas  “packets”  from  the  recirculation  zone. 
The  visualisation  of  the  flow  by  high-speed  imaging 
(Kendrick  et  al,  1996)  also  allows  the  capture  of 
instantaneous  structures  such  as  vortices.  These  two 
techniques  both  have  shortcomings.  The  former  requires  a 
fastidious  set-up  and  heavy  post-processing,  while  the  latter 
only  brings  forth  qualitative  information.  For  velocity 
measurements,  PIV  is  an  efficient  solution  to  the  two 
problems  above  since  it  provides  at  the  same  time  the  benefit 
of  a  simple  set-up,  and  that  of  instantaneous  visualisation  of 
the  coherent  structures  present  in  the  flow  via  the  velocity 
field. 

In  the  following  study,  we  present  PIV  measurements 
made  on  the  bluff-body  burner  for  one  given  flow  case.  The 
effect  of  each  of  the  components  of  the  acquisition  system  on 
the  correlation  calculation  is  evaluated,  in  order  to  underline 
the  weakness  of  the  Signal-to-Noise  Ratio  as  a  vector 
validation  criterion.  The  comparison  of  average  velocity 
fields  obtained  by  PIV  and  LDV  makes  it  possible  to  validate 
experimental  choices  and  confirm  the  efficiency  of  the  PIV 
method.  A  last  approach  based  on  the  spatial  correlation  of 
the  vectors  shows  the  quality  of  the  information  provided  by 
PIV. 


2  -  EXPERIMENTAL  SETUP 

2-1  Description  of  the  burner 

Several  geometries  have  been  already  the  subject  of 
numerous  studies  (Perrin  et  al,  1990,  Namazan  et  al,  1995). 
Their  characteristics  can  be  defined  by  several  non- 
dimensional  quantities ; 

-  The  obstacle  ratio  Ro  =  Dj  /  Dg 

-  The  blockage  ratio  Rb  =  (Dg  /  D^)^ 

Figure  1  shows  the  geometric  characteristics  of  the 
burner.  The  blockage  ratio  is  high  (0.83).  The  case  studied 
corresponds  to  a  flow  velocity  of  21  m/s  in  the  central 
methane  jet,  and  7.5  m/s  in  the  annular  jet  of  air.  This  case 
was  studied  with  and  without  flame,  without  any 
confinement.  The  Reynolds  Numbers  found  in  the  methane 
and  air  jets  are  7000  and  3300  respectively. 
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Fig.  1  Geometric  characteristics  of  the  burner 


2-2  Processing  Method 

The  axial  velocity  histogram  for  the  whole  of  the  flow 
(from  z  =  0  to  z  =  60  mm)  is  shown  in  Figure  2.  The  variation 
of  velocities  between  the  central  methane  jet  (35  m/s 
maximum)  and  the  recirculation  zone  (zero  and  near-zero 
velocities)  imposes  to  resolve  a  large  dynamic  range.  Such  a 
resolution  is  only  possible  with  cross-correlation  processing, 
where  zero  and  reversing  displacements  can  theoretically  be 
measured. 
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Fig.  2  Histogram  of  axial  velocities  in  the  whole  of  the 
reactive  flow. 

Figure  3  is  an  instantaneous  image  of  the  flow  seeded 
■with  Micron-sized  particles  of  Zirconium  Oxide.  The  presence 
of  zones  with  large  seeding  concentrations  in  the  vicinity  of 
each  of  the  jets  adds  another  limitation  to  the  use  of  an  auto¬ 
correlation  technique  ( Trinite  et  al,  1993). 

We  therefore  selected  the  cross-correlation  image  analysis 
technique.  The  technical  problems  inherent  to  this  technique 
are  linked  to  the  necessity  to  obtain  independent  images 
separated  by  very  short  time  (35  ps). 


2-3  Set-up  and  Synchronisation 

The  synchronisation  tuning  diagram  is  presented  in 
Figure  4.The  CCD  camera  (LH510  from  LHESA 
Electronique)  operates  in  field  mode,  at  a  frequency  of  25Hz  ( 
Lecordier  et  al,  1994).  The  camera  drives  a  Quantel  YG585 
Nd-YAG  Laser  via  a  pulse  generator  (Stanford  Research 
DG535)  triggered  by  the  odd/even  signal  of  the  VD/2  field. 
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Fig.  4  Synchronisation  Timing  Diagram. 


The  set-up  is  presented  in  Figure  5.  The  field  of  view 
covers  a  60x58  mm  area,  seen  through  a  f:  1.2/50  mm  lens 
(Nikon)  set  at  f;2.  Each  series  of  250  images  is  digitised  over 
8  bits  (Matrox  Magic  Color)  then  stored  in  PC  RAM  at  video 
rate,  with  a  resolution  of  512x512  pixels. 

The  exposure  control  being  limited  to  the  odd  field  in 
triggered  mode,  the  CCD  sensor  is  operated  in  un-shuttered 
mode.  However,  to  improve  the  quality  of  the  recorded 
signal,  an  interferential  filter  is  used  (532  nm  center 
wavelength,  ■with  10  nm  bandwidth),  with  the  effect  of 
eliminating  most  of  the  radiation  from  the  flame  and  the  hot 
particles. 
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Fig.  5  PrV  Set-up. 


The  calibration  system  is  composed  of  a  TV  monitor  and 
a  video  recorder.  This  system  enables  on  one  hand  simple 
adjustment  of  the  time  of  each  laser  shot  in  relative  to  the 
CCD  sensor  integration  by  visualisation  of  a  flickering  of  the 
TV  image,  and  on  the  other  hand  to  evaluate  by  eye  the 
energy  balance  of  the  laser  shots  by  comparison  of  the  two 
recorded  image  fields. 

The  rate  of  seeding  is  first  evaluated  theoretically  from 
the  mass  concentrations  in  particles  in  each  of  the  two  gases. 
These  calculations  take  into  consideration  neither  the 
accumulation  of  particles  in  the  body  of  the  burner,  nor  the 
diverging  thickness  of  the  Laser  sheet  over  the  field  of  view. 

The  settings  are  therefore  refined  by  use  of  a  luminance 
method.  The  average  grey  level  of  two  inteirogation  areas 
located  at  the  exit  of  each  jet.  Considering  that  100%  of  the 
particles  are  present  in  these  zones,  the  luminance  ratio  will 
indicate  the  corrections  required  to  the  theoretical  rate  of 
seeding  to  minimise  the  seeding  bias. 

The  energy  fluctuations  of  the  two  beams  are  controlled 
after  image  field  separation  by  comparing  the  average  grey 
level  in  the  two  fields  belonging  to  the  same  firame.  As  it  was 
found  that  for  a  luminance  difference  greater  than  10%,  the 
smallest  particles  located  in  the  recirculation  zone  were  lost, 
the  field  pairs  not  meeting  this  threshold  were  rejected. 


3  -  CALIBRATION  OF  THE  PIV  RIG 

Figure  6  shows  how  the  information  flows  across  the 
elements  of  the  acquisition  system. 


Fig.  6  Information  flow  across  the  components  of  the 
acquisition  system. 


3-1  Optical  Effects 

The  aberrations  of  the  recording  optics  which  noticeably 
affect  the  images  are  mainly  geometric  distortion  and 
vignetting.  These  two  effects,  commonly  encountered  in 
imaging,  are  corrected  for  during  an  image  pre-processing 
phase. 

To  attenuate  the  vignetting,  images  of  a  uniformly  lit 
object  plane  are  recorded  at  different  stops  of  the  recording 
optics.  The  resulting  images  serve  as  correction  files  for  the 
PIV  images. 

The  geometric  distortion  is  directly  corrected  by  built-in 
functions  in  the  OPTTMAS  image  processing  software. 

3-2  Electronic  effects. 

Following  the  principle  of  the  photoelectric  effect,  the 
number  of  electrons  stripped  from  a  semi-conductor  medium 
is  proportional  to  the  incident  light  intensity.  The  response  of 
each  pixel  on  the  CCD  sensor  to  uniform  lighting  is  not  in 
itself  uniform,  therefore  it  is  necessary  to  construct  a 
correction  file  to  counter  this  effect. 

The  sensor  without  its  optics  is  exposed  to  different  light 
levels  cast  on  a  uniform  plane.  For  each  light  level  an 
averaged  image  is  produced.  By  performing  a  linear 
regression  on  the  whole  of  the  averaged  images,  the 
regression  coefficient,  slope  and  zero  ordinate  are  determined 
for  each  pixel. 

The  displacement  changes  resulting  firom  the  non¬ 
linearity  corrections  are  not  significant.  If  during  a  batch 
analysis  we  apply  vector  filtering  using  the  Signal  to  Noise 
Ratio  of  the  correlation  computation,  the  number  of  vectors 
left  intact  by  the  filter  at  one  given  point  of  the  analysis  grid 
can  vary  by  as  much  as  6%  for  a  1.18  SNR  threshold.  The 
SNR  is  a  parameter  far  too  sensitive  to  image  definition  to  be 
adopted  as  main  vector  validation  criterion. 

3-3  Digitisation  Effects 

Image  defects  induced  by  the  synchronisation  and  the 
digitisation  of  the  video  signal  are  mainly  caused  by  line  jitter 
and  pixel  jitter. 

To  evaluate  these  jitters  we  numerically  synthesise  a 
ramp  going  fi-om  0.3V  to  IV.  The  function  generator 
(Stanford  Research  DS345)  is  capable  of  generating  any 
waveform.  A  synthesised  video  line  is  synchronised  on  the 
Florizontal  Drive  (HD)  signal  and  output  at  the  HD  firequency 
(15.625  kHz)  to  the  image  acquisition  card.  Figure  7  shows 
the  synthetic  ramp  video  signal. 

For  different  rates  of  climb  of  the  ramp,  the  images 
captured  by  the  card  are  analysed  by  lines  and  by  columns. 


Fig.  7  Synthetic  ramp  video  signal 
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The  line  jitter  is  a  randomly  fluctuating  deviation  from 
complete  synchronicity  between  the  frame  grabber  internal 
line  reset  and  the  HD  video  signal  generated  by  the  camera. 
The  direct  effect  of  this,  i.e.  a  horizontal  shift  of  the  digitised 
lines,  can  be  observed  on  the  fluctuations  of  the  grey  levels  in 
an  image  column.  The  effect  of  this  shift  on  a  vector  field  has 
been  shown  by  Rouland  (  Rouland  et  al,  1994).  Images  of  a 
target  with  randomly  set  white  spots  were  taken  to  assess  the 
accuracy  of  zero  velocity  measurements.  An  accuracy  better 
than  0.04in/s  was  found  with  our  set-up. 

The  pixel  jitter  corresponds  to  a  small  random  fluctuation 
in  the  digitisation  time  of  a  pixel.  This  fluctuation  can  reach 
7%  of  the  digitisation  time  (15  MHz  pixel  clock).  Whenever 
the  video  signal  exhibits  a  gradient  over  a  line,  this  effect  can 
cause  a  significant  jump  in  the  grey  level  associated  with  an 
image  pixel.  The  shape  of  the  analogue  signal  corresponding 
to  the  scatter  image  of  a  particle  obeys  a  gaussian 
distribution.  The  jumps  in  pixel  grey  level  will  then  be  more 
important  on  the  edges  of  the  particles.  The  line  analysis  of 
the  digitised  synthetic  video  ramp  image  demonstrates  that 
this  fluctuation  can  reach  5  grey  levels  for  the  steepest 
gradients.  The  incidence  of  this  jitter  on  the  accuracy  of  the 
correlation  computations  is  quantified  using  synthesised 
digital  images  .  The  accuracy  of  the  displacement 
measurements  is  not  significantly  modified  (about  5%).  This 
fluctuation  of  the  particle  edge  definition  mainly  degrades  the 
SNR. 

3-4  Calculation  Accuracy 
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RADIAL  POSITION  IN  PIXELS 

Fig.  8  Instantaneous  velocity  field  for  a  non-reacting  flow 

The  convergence  of  the  cross-correlation  PIV  measurements 
towards  a  field  average  over  480  vector  files  is  presented  in 
Figure  9.  We  calculate  the  difference  between  partial 
averages  and  total  averages,  weighted  by  the  value  of  the 
average  velocity  at  the  point  of  interest. 

In  order  to  eliminate  the  coupling  between  the  instant  at 
which  images  are  recorded  and  certain  natural  frequencies  of 
the  flow,  the  convergence  calculations  are  repeated  after 
shifting  the  analysis  window. 


We  seek  to  determine  the  accuracy  on  the  localisation  of 
the  maximum  of  the  coirelation  peak.  The  interpolation  of  the 
correlation  peak  by  a  gaussian  fimction  leads,  in  ideal 
conditions,  to  a  maximum  theoretical  accuracy  near  1/lOOth 
of  a  pixel  (Willert  et  al,  1991 ). 

The  accuracy  of  the  calculation  is  calibrated  with 
synthetic  images.  The  particle  image  size  distribution  in  the 
flow  images  is  used  as  a  guide  for  choosing  the  shape  and  the 
grey  level  intensities  of  the  synthesised  particles.  The 
concentration  in  particles  is  also  determined  from  real  flow 
images.  In  the  range  of  measured  displacements,  i.e.  from  0 
to  8  pixels,  the  accuracy  on  the  determination  of  the 
correlation  peak  position  is  0.08  pixel. 


4  -  RESULTS  AND  DISCUSSION 
4-1  Comparison  with  LDV 

A  PC-based  analysis  software  with  batch  processing 
facility  (VidPIV  2.09,  Optical  Flow  Systems)  is  used  to 
obtain  the  instantaneous  velocity  fields  (see  Figure  8).  The 
size  used  for  the  interrogation  areas  is  32x32.  Each 
instantaneous  field  is  filtered  by  an  SNR  threshold  of  1.18 
and  by  thresholding  of  each  velocity  component. 

The  calculation  of  a  field  composed  of  854  vectors  takes 
70  seconds  on  a  130  MHz  Pentium.  The  addition  of  a  DSP 
card  would  at  least  double  the  processing  rate. 


Fig.  9  Convergence  of  the  PIV  velocity  components  towards 
the  average  velocity  field.Non-reactive  flow. 


The  convergence  towards  the  average  dynamic  field  is 
very  quick,  as  illustrated  by  Figure  9.  We  consider  that  a  set 
of  250  vector  fields,  i.e.  10  seconds  worth  of  video  imaging, 
is  sufficient  to  obtain  a  good  representation  of  the  average 
vector  fields  in  the  flow.  For  the  LDV  measurements  ( Neveu 
et  al,  1 994),  the  average  velocity  at  one  point  is  obtained  in 
about  3  seconds,  i.e.  about  3000  particles  crossing  the 
measurement  volume.  For  the  PTV  images,  we  count  in 
average  around  30  particles  per  grid  cell  in  the  recirculation 
zone,  i.e.  7500  particles  for  the  convergence  towards  the 
average  dynamic  field. 

Figure  10  shows  the  average  fields  resulting  from  LDV 
and  PIV  measurements.  The  original  LDV  measurement  grid 
is  of  much  finer  step  than  that  for  PIV  measurements. 
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therefore  an  interpolation  of  the  LDV  measurements  to  the 
PIV  grid  is  performed.  The  average  velocity  field  in  the 
recirculation  zone  shows  the  existence  of  two  vortices  :  a  first 
one  rotating  clockwise,  which  is  driven  by  the  air  flow,  the 
second  one,  smaller,  is  located  at  the  root  of  the  methane  jet, 
and  rotates  counterclockwise. 


and  LDV.  Non-reacting  flow. 

The  overall  structure  of  the  average  dynamic  field,  which 
consists  in  the  different  zones  of  interaction  between  the  two 
jets,  is  similar  for  the  two  methods.  We  think  that  the  main 
difference  seen  in  the  central  fuel  jet  and  in  the  recirculation 
zone  may  be  due  to  a  fuel  flowrate  control  drift. 

Figure  11  shows  the  radial  velocity  profile  at  a  height  of 
5.6  mm.  The  profiles  have  similar  features.  The  main 
difference  has  to  do  with  the  value  of  the  methane  flow 
velocity. 

The  amplitude  difference  at  the  location  of  the  methane 
jet  is  due  to  a  flowrate  control  drift.  The  profiles  obtained  by 
PIV  are  wider  in  the  region  of  the  jets.  This  effect  is  the 
consequence  of  the  coarse  spatial  resolution  of  PIV  and  of  the 
large  overlap  of  the  interrogation  windows  in  the  radial 
direction  (75%).  The  lack  of  spatial  resolution  of  PIV  is 


mostly  felt  in  the  air  jet,  where  the  interrogation  window  (3.2 
mm  in  the  X  -  direction)  is  larger  than  the  jet  (2.5  mm). 


Fig.  1 1  Comparison  of  radial  profiles  of  axial  velocities 
(z  =  5.6  mm). 

LDV:  95  measurement  points.  PIV  :  45  measurement  points. 


The  axial  profile  of  axial  velocities  is  shown  in  Figure  12. 
The  profiles  are  in  overall  agreement  over  the  height  of  flow 
under  study.  It  is  difficult  to  interpret  the  velocity  differences 
because  of  the  error  on  the  methane  flowrate,  hence  the  use 
of  normalised  variables  for  the  comparison. 


Fig.  12  Comparison  of  the  axial  profiles  of  axial  velocities. 
Non-reacting  flow. 


The  comparative  fluctuation  profiles  are  shown  in  Figure 
13.  The  same  general  trend  is  found  in  both  axial  RMS 
profiles.  The  amplitude  differences  and  the  absence  of  a 
double  maximum  are  due  to  the  lack  of  spatial  resolution  of 
PFV  compared  to  LDV.  Recently,  algorithms  have  been 
devised  to  bring  a  solution  to  the  loss  of  information  in  the 
analysis  window  (  Okamoto  et  al,  1995).  Such  algorithms 
allow  in  theory  the  identification  of  rotation,  expansion  and 
shear  in  the  analysis  window  by  linking  each  particle  by  a 
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fictitious  spring  and  then  analysing  the  deformation  of  these 
systems  from  one  image  to  the  next.  This  technique,  which  is 
based  on  the  identification  and  tracking  of  particles,  could  be 
applicable  in  PIV  in  the  recirculation  zone. 


Fig.  13  Comparison  of  axial  profiles  of  RMS  axial  velocities. 
Non-reacting  flow. 


CH4 II  AIR 


Fig.  14  Visualisation  of  two  coherent  structures  in  the 
reacting  flow. 

Figure  15  presents  the  vector  field  calculated  over  the 
interrogation  area  shown  in  Figure  14. 


The  3  first  points  of  the  RMS  profile  of  the  axial 
component,  as  obtained  by  PFV,  show  greater  velocity  values 
than  LDV.  For  the  first  point,  it  is  the  position  of  the  analysis 
window  in  the  image  which  is  mainly  responsible  for  the  high 
RMS  value.  Indeed,  the  edge  of  the  Laser  sheet  is  located  a 
few  mm  above  the  burner,  causing  half  of  the  first 
interrogation  area  to  be  empty  of  particle  images  for  the 
analysis  grid  chosen.  As  SNR  filtering  is  used,  some 
erroneous  vectors  computed  in  this  interrogation  window  are 
not  eliminated  by  the  filtering  operation.  If  the  SNR  threshold 
is  increase  to  1.4,  the  number  of  vectors  drops  from  350  to 
250  out  of  a  total  of 480. 

The  position  of  the  3  first  points  corresponds  to  the 
plateau  of  high  velocities  (see  Figure  11).  For  these 
velocities,  the  calculated  displacement  in  the  32x32  pixel 
interrogation  area  is  about  6  pixels,  which  reduces  the  useful 
area  for  the  calculation.  The  SNR  of  these  3  first  points  is 
25%  less  than  the  average  SNR  over  the  vector  field.  It  is 
then  difficult  to  appreciate  the  incidence  of  erroneous  vectors 
on  the  value  of  the  fluctuation. 

In  the  first  part,  the  comparative  study  of  the  two  methods 
has  mainly  enabled  us  to  validate  the  PIV  measurements.  The 
following  section  is  based  on  an  aspect  which  is  specific  to 
PIV,  i.e.  the  spatial  correlation  of  vectors,  which  makes  it 
possible  to  identify  in  the  flow  coherent  structures  such  as 
vortices. 

4-2  Vortex  Identification 

Figure  14  is  an  instantaneous  image  of  the  reactive  flow. 
Two  different  structures  can  be  identified  in  the  eddy  driven 
by  the  air  jet  in  the  recirculation  zone. 
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Fig.  15  Vector  field  of  the  interrogation  area  shown  in  figure 
14.  Reacting  flow. 


The  first  structure  identified  in  Figure  14  is  directly 
visible  on  the  vector  field,  without  post-processing.  We  see  a 
set  of  vectors  which  have  a  group  velocity  with  an  orientation 
differing  from  that  of  the  surrounding  velocity  vectors.  The 
second  structure  in  the  image  in  Figure  14  is  not  apparent  in 
the  raw  vector  field. 

Simultaneous  measurements  by  fine  wire  thermocouple 
and  LDV  (  Neveu  et  al,  1994)  have  shown  that  hot  gas 
“packets”  were  ejected  from  the  recirculation  zone  for  two 
distinct  velocity  values  corresponding  each  to  a  specific  gas 
temperature  (Tg  =  900K  and  Tg  =  1700K).  Figure  16  shows 
the  two  velocity  values  at  r  =  17.5mm  and  z  =  30  mm. 
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Fig.  1 6  Velocities  at  r  =  17.5  mm  and  z  =  30  mm.  Reacting 
flow. 


The  bimodal  nature  of  the  joint  velocity  distributions  at 
this  point  explains  the  intermittent  behaviour  of  the  flow  in 
the  the  recirculation  zone  area,  this  behaviour  being  driven  by 
the  radial  velocity  component  (  Scheffer  et  al,  1987). 

Figure  17  shows  a  colour-coded  plot  of  the  radial  velocity 
component  for  the  visualised  field. 
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Fig.  17  Radial  velocity  component  for  the  dynamic  field 
visualised  in  figure  15. 

One  sees  clearly  a  zone  with  a  group  velocity  breaking 
the  continuity  of  the  surrounding  values.  This  set  may 
correspond  to  the  hot  gas  “packet”  ejected  out  of  the 

recirculation  zone.  The  measurements  of  velocity  and  position 
of  this  structure  corroborate  this  assumption,  as  the  results 
obtained  with  PIV  are  identical  to  that  obtained  with  LDV 
(900K  component).  In  the  near  future,  experiments  will  be 
conducted  in  order  to  correlate  the  velocity  measurements 
with  the  position  of  the  flame  fi-ont.  We  emphasise  that  the 
observed  structure  has  mainly  a  translation  component,  since 
the  subtraction  of  the  average  entrainment  velocity  does  not 
produce  a  vortical  velocity  field. 

The  second  structure  seen  on  the  image  bears 
resemblance  to  the  shedding  of  a  vortex.  A  first  processing 


pass  is  performed  on  the  image,  then  an  average  velocity 
value  corresponding  to  the  entrainment  velocity  of  the 
structure  is  subtracted  from  the  vector  field.  The  final  result 
is  presented  in  Figure  18.  A  vortical  velocity  distribution  is 
clearly  visible. 

The  difficulty  in  this  type  of  processing  is  to  locate  the 
structure  in  the  image  to  calculate  its  average  entrainment 
velocity.  A  systematic  study  over  the  whole  image  could  be 
undertaken  if  the  characteristic  dimensions  of  the  structure 
were  known,  but  the  associated  processing  would  be  time- 
consuming  and  the  smaller-scale  structures  would  be  missed. 
In  our  case  we  could  take  advantage  of  the  presence  of  a 
strong  concentration  in  particles  in  the  vortex  to  define  a 
skeleton  the  size  and  location  of  which  would  serve  as 
starting  point  for  the  calculation  of  the  vector  field. 


Fig.  18  Velocity  field  inside  the  second  structure.  Reacting 
flow. 


5  -  CONCLUSION 

The  analysis  of  PIV  data  has  shown  that  the  production  of 
an  average  dynamic  velocity  field  was  much  faster  than  with 
LDV,  while  the  fluctuating  component  bandwidth  and  the 
spatial  resolution  are  inferior.  A  convergence  criterion  cannot 
be  the  only  guarantee  of  integrity  of  the  PIV  method.  The 
knowledge  of  the  accuracy  on  the  correlation  calculations  for 
each  point  of  the  interrogation  grid,  as  well  as  the  vector 
validation  methods  still  remain  key  parameters  for  the 
quantitative  use  of  PIV  measurements. 

While  currently  available  spatial  resolution  and  imaging 
rate  limit  the  ability  of  PPV  to  produce  temporal  flow 
statistics,  it  is  the  only  measurement  method  allowing  the 
spatial  correlation  of  velocity  data  across  a  two-dimensional 
region. 

The  development  of  post-processing  algorithms  based  on 
instantaneous  velocity  fields,  such  as  the  identification  and 
tracking  of  coherent  structures  in  the  flow,  is  the  next 
challenge  to  overcome  in  order  to  systematise  the  use  of  PIV 
as  a  velocity  measurement  technique. 
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ABSTRACT 

This  paper  presents  an  experimental  investigation  of  a 
turbulent,  non  premixed,  methane/air  flame,  produced  by 
an  axisymetric  bluff  body  burner.  Little  experimental  data 
exists  on  time  and  spatially  resolved  fuel  concentration  on 
such  reacting  flows,  despite  their  interest  for  a  better 
understanding  of  combustion  processes,  modelling  and 
numerical  calculations  in  turbulent  combustion. 

The  aim  of  this  work  is  to  provide  these  experimental 
data  by  using  instantaneous,  multiple  point  and  spatially 
resolved  measurements  of  species  concentration  of 
methane  on  the  above  mentionned  type  of  flames.  Planar 
MEE  scattering  is  used  on  a  non  premixed  CH4/Air  flame. 

Two  dimensional  planar  Mie  scattering  is  undertaken  on 
a  non  premixed  CH4/air  flame  in  order  to  derive  the  field 
of  methane  concentration.  Several  tracer  particles  such  as 
silicone  oil.  Calcium  Hydroxyd,  Zirconium  Oxyd  and 
Teflon  are  used.  Results  for  both  reacting  and  non  reacting 
cases  are  compared  to  those  obtained  elsewhere  from 
Raman  scattering  and  probe  measurements  of  methane 
concentration. 

The  Teflon  marker  is  revealed  to  be  the  more  efficient 
methane  tracer  in  flow  as  it  is  capable  to  follow  the 
aerodynamical  flow  fluctuations  and  to  characterize  the 
zones  corresponding  to  CH4  consumption  in  the  flame  by 
identifying  the  mean  identical  decomposition  temperature 
of  CH4  molecules  and  Teflon  particles.  In  this  work  we 
show  that  Mie  scattering  on  Teflon  particles  is  an  accurate 
tracer  in  both  reactive  and  non  reactive  flows  as  it  gives 
informations  on  methane  concentration  and  flame  structure 


1  ■  INTRODUCTION 

Instantaneous,  multiple  point  and  spatially  resolved 
measurements  of  species  concentration  in  combustion 
gases  are  needed  to  guide  the  formulation  and  testing  of 
models  describing  the  interaction  between  chemistry  and 
fluid  mechanics. 

Bluff  Body  burners  provide  a  useful  tool  for  the  study  of 
fiiel-air  mixing  processes  and  flame  stabilization  that  are 
present  in  industrial  burner.  There  have  been  several  2D 
flow  visualisation  techniques  employed  for  quantitative 
and  qualitative  measurements  in  flames.  Lorenz/Mie 
scattering,  for  exemple  were  used  in  cold  flows  (Sheffer 
and  al),  Raman  scattering  or  Planar  Laser  Induced 
Fluorescence  were  used  for  concentration  measurements 
and  flow  imaging  in  Bluff  Body  stabilised  flames 
(Namazian  and  al). 

Mie  scattering  yields  signal  strengths  many  orders  of 
magnitude  greater  than  Raman  or  PLIF  techniques. 
However,  these  latter  methods  provide  a  more  faithful 
representation  of  reacting  flow  fields  with  respect  to  the 
finer  scales  of  turbulent  flow.  In  non  reacting  turbulent 
flows,  Mie  scattering  has  been  widely  used  to  characterise 
the  temporal  evolution  of  concentration  fluctuations 
(Bilger  and  al).  In  reacting  flow  fields,  the  seeding 
particles  must  visualize  regions  having  physical 
significance  to  the  combustion  process.  For  this  purpose, 
oil  droplets  (Hanson)  or  TiCl4  particles  (Chen  and 
Roquemore)  have  been  generally  used  for  the  qualitative 
study  of  the  structure  and  shape  of  the  flame  front. 

In  the  current  study,  turbulent,  non  premixed  methane-air 
flames  are  investigated  using  Planar  Mie  scattering  to 
render  2D  maps  of  the  methane  concentration.  Different 
tracers  are  compared  and  new  markers  studied.  The 
experimentally  averaged  data  of  methane  concentration  in 
the  non  reacting  case  is  then  compared  to  2D  Raman  data 
of  methane  molecules.  This  last  method  is  not  easily 
quantitative  in  turbulent  flames.  Therefore  the  reacting 
case  is  compared  to  probe  measurements  of  fuel 
concentration 
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2  -  EXPERIMENTAL  SET  UP 


2-1  Burner  description 

A  schematic  view  of  the  axisymmetric,  unconfmed 
burner  is  shown  in  Figure  1.  Methane  is  supplied  through 
the  center  of  the  Bluff  Body  at  a  velocity  of  21  m/s  with  a 
corresponding  Reynolds  number  (based  on  the  fuel  jet 
diameter)  of  7000.  Air  is  supplied  through  a  coaxial  jet 
surrounding  the  Bluff  Body  at  a  velocity  of  7.5  m/s  (  case 
L)  or  25  m/s  (case  N)  with  a  Reynolds  number  (based  on 
the  Bluff  Body  diameter)  of  3300  (case  L)  and  1 1000  (case 
N). 

The  flows  created  by  this  burner  are  characterized  by  the 
interaction  of  the  air  and  the  central  jet  which  forms  a 
slower  moving,  yet  intense  recirculating  zone  condusive  to 
flame  stabilisation. 
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Figure  1 ;  Schematic  view  of  the  Bluff  Body  Burner 
2-2  Imaging  apparatus 

The  optical  arrangement  is  shown  in  Figure  2.  A  Nd  : 
Yag  laser  (Quantel)  is  used  for  Mie  scattering  off  particles 
seeded  in  the  methane  jet.  The  YAG  laser  beam  is  doubled 
at  532  nm  with  a  pulse  duration  of  about  10  ns.  An  energy 
of  150  mj/pulse  was  obtained  at  frequency  of  25  Hz.  The 
beam  is  formed  into  a  0.2  mm  thick  parallel  light  sheet  of 
light  by  a  150  mm  diameter,  600  mm  focal  lenght 
cylindrical  lens.  The  scattered  light  is  then  focused  onto  an 
intensified,  CCD  camera  (Proxitronic  HFl)  which  is 
triggered  by  the  laser  pulses  . 

In  order  to  suppress  the  spontaneous  emission,  the 
camera  is  gated  at  1  ms  and  an  interferential  filter  centered 
at  532  nm  and  10  nm  bandwidth  is  added.  Sequences  of 
250  images  are  directly  acquired  and  numerised  at  the 
video  frequency  in  the  computer’s  RAM  with  a  resolution 
of  512  X  512  pixels  and  8  bits  ADC  depth.  Imaging 
processing  is  performed  over  an  ensemble  of  1000  images. 
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Figure  2:  Optical  arrangement  for  the  Mie  Scattering 
technique  experiment 

2-3  Resolution  of  the  experiment 

The  CCD  camera,  having  a  resolution  of  780  x  590 
pixels,  provides  a  measurement  volume  of  0.15  x  0.15  x 
0.2  mm3.  This  resolution  is  determined  by  the  field  of 
view  dimensions  and  the  need  to  have  sufficient  particles 
in  the  measure  volume  so  as  not  to  invalidate  the 
assumption  of  marker  continuum  and  to  reduce  the  marker 
shot  noise.  This  latter  effect  is  due  to  the  finite  number  of 
particles  in  measurement  volume.  To  minimise  this 
uncertainty,  it  is  desirable  to  have  as  many  particle  as 
possible  in  each  sampling  volume.  If  the  flow  is  seeded 
too  densely,  however,  secondary  scattering  will  become 
important  and  the  three  dimensional  nature  of  the  flow 
will  introduce  an  unknown  attenuation  error  in  the  two 
dimensional  concentration  profile.  In  addition,  for  heavily 
seeded  flows,  the  particles  may  affect  the  fluid’s  density 
and  viscosity.  A  simple  test  for  the  absence  of  multiple 
scattering  is  to  double  the  concentration  of  the  particles  at 
the  exit  of  the  jet  (maximum  of  particle  density)  (Van  de 
Hulst)  and  see  if  the  signal  luminance  is  also  doubled 
showing  that  only  single  scattering  is  significant. 

The  Nyquist  sampling  theorem  states  that  the  maximum 
observable  spatial  frequency  is  half  the  sampling 
frequency.  The  size  of  the  smallest  detectable  structures  is 
two  pixels  or  0.3  mm  which  should  be  compared  to  the 
Kolmogoroff  length.  In  this  experiment  (case  L),  the 
microscale  has  the  approximate  value  of  0.03  mm  (see 
Perrin).  The  experimental  resolution  is  a  factor  10  larger 
than  the  Kolmogoroff  scale  and  well  below  the  larger  flow 
scales  which  vary  between  5  and  25  cm.  This  results  in 
flow  scales  being  filtered  below  0.3  mm. 

This  is  not  critical  since  the  Kolmogroff  scale  is 
characterised  by  molecular  diffusion  processes.  In  this 
microscale,  Mie  scattering  lead  to  important  inaccuracies 
induced  by  the  fact  that  particles  effective  diffusivity  is 
completely  different  from  that  of  methane. 
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2-4  Data  reduction  and  error  analysis 

The  CH4  concentration  data  is  obtained  by  correcting 
each  image  for  CCD  spatial  non  uniformities,  non 
uniformity  of  the  laser  sheet,  aberrations  and  "vignetting" 
of  the  optics  (  Mokaddem,  Rolon,  Perrin  and  al  for  more 
details  on  the  camera  calibration). 

Each  image  is  rescaled  so  that  the  maximum  intensity 
measured  at  the  base  of  the  jet  potential  core  corresponds 
to  100%  methane  concentration  and  the  minimum  signal 
intensity  out  of  the  flow  corresponds  to  0  %  of  methane 
concentration.  This  correction  takes  into  account  the  shot 
to  shot  variations  in  laser  power. 

Random  errors  have  been  estimated  by  recording  the 
laser  sheet  illumination  in  an  uniformly  seeded  volume. 
The  calculated  rms  value  of  the  error  has  a  maximum 
value  of  2%  of  the  maximum  dynamic  range.  This  random 
error  takes  into  account  the  fluctuations  in  the  seeding 
density,  the  shot  noise,  electronic  noise  of  the  camera  and 
frame  grabber.  These  effects  are  negligibles  in  the 
calculations  of  average  methane  concentration. 

The  bias  errors  which  depend  on  the  spatial  coordinates 
are  corrected  by  using  a  reference  image  taking  into 
account  the  spatial  non  uniformities  and  non  linearity  of 
the  CCD  response,  non  uniformity  of  the  laser  sheet  and 
the  optics’  aberrations.  The  rms  value  of  the  error  was 
found  to  have  the  maximum  value  of  2%  of  the  maximum 
dynamic  range. 

Statistical  errors  are  introduced  on  the  calculation  of  the 
statistical  quantities  over  a  finite  ensemble  of  images.  For 
an  estimated  mean  value  x  and  variance  s"^  of  N  samples, 
the  1  -  a  confidence  interval,  the  true  mean  p  and  variance 
s^  (calculated  over  an  infinite  ensemble  of  images)  are 
given  by  the  following  equation  (Manoukian  or  Newlang): 


The  estimated  mean  concentration  has,  therefore,  a 
probability  of  0.9  to  have  a  relative  statistical  error  inferior 
to  3%.  The  variance  has  a  probability  of  0.9  to  have  a 
relative  statistical  error  inferior  to  8%.  If  we  combine  bias 
and  statistical  errors,  the  uncertainties  obtained  in  the 
mean  concentration  data  are  about  5%. 

3  -  THE  DIFFERENT  MARKERS 

3-1  Aerodynamic  study  of  the  particles’  response 

A  conceptual  model  for  the  dispersion  of  particles  is  the 
entrainement  of  particles  by  the  vortex  structure  and 
ensuing  centrifugal  effects  as  the  particle  rotate  within  the 
organised  structures  (Crowe  and  al).  This  model  is 
accurate  in  Bluff  Body  flames  since  the  role  of  large  scale 
structures  widely  determines  the  mixing  and  mass 
transport  in  these  flows. 

The  Stokes  number  is  an  important  parameter  which 
affects  the  particles  spreading  in  organised  structures.  It  is 
defined  as ; 


where  tp  is  the  aerodynamic  response  of  the  particle  and  tf 
the  time  associated  with  the  motion  of  large  scale 
stmctures. 
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rp  is  the  density  of  the  particles,  dp  the  diameter  and  mf 
the  dynamic  viscosity  of  the  carrier  fluid.  The  flow  time 
response  is  modelled  as : 


^  denotes  the  Student  Distribution  and  c  the  Chi-Square 
distribution.  1000  images  (N=1000)  and  a  90%  confidence 
interval  (1-  a  =  90%)  are  chosen.  Using  tabulated  values 
for  t  and  c,  one  can  calculte  the  mean  and  variance  of 
methane  concentration  with  the  relations  below  : 


<3% 
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where  d  is  the  size  of  the  structures  and  U  the  mean 
velocity  of  the  flow. 

If  St«l,  the  particle  will  faithfully  follow  the  fluid  path 
lines.  If  St~l,  the  particles  will  trend  to  be  centrifuged  by 
the  structure.  For  St»l,  the  particle  wiU  have  insufficient 
time  to  respond  to  changes  in  the  fluid  and  will  continue 
along  a  near  rectilinear  path.  Figure  3  provides  a  summary 
of  these  effects. 
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Figure  3  :  Effect  of  the  Stokes  number  on  the  aerodynamic 
response  of  a  particle 

The  particles  used  in  this  work  are  silicone  oil, 
zirconium  oxide  and  new  markers  such  as  Teflon  and 
calcium  hydroxide.  Figure  4  gives  the  time  response  of 
these  tracers  in  comparison  the  flow  time  macroscale 
response  (cold  case  L).  It  shows  that  the  particles  will 
follow  the  fluctuations  of  the  large  scale  motions  with  an 
accuracy  depending  on  the  Stokes  number. 
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Figure  4:  Time  response  and  diameter  of  the  particles  used 
in  this  study 

3  -  2  Chemical  study  of  the  particles 

In  the  Mie  scattering  experiment,  the  particles  are 
injected  with  the  fuel  jet  flow.  In  the  cold  flow 
experiment,  the  presence  of  the  seeded  particles  is 
correlated  with  the  methane  presence  within  the  volume 
domain.  In  order  to  extract  the  methane  concentration 
from  the  images  of  flames,  the  particle  must  yield 
information  on  regions  corresponding  to  the  methane 
reaction  zones  and  the  seeding  quantities  must  be 
sufficiently  low  to  have  little  effect  on  the  chemistry  of  the 
combustion  process.  It  is  known  that  CH4  molecules 
dissociates  at  400°C.  Two  possibilities  have  been 
therefore  explored : 

-  the  use  of  particles  disappearing  before  or  at  400°C  such 
as  silicone  oil  or  a  new  particle  such  as  Teflon, 

-  the  use  of  particles  that  generate  a  noticeable  decrease  in 
signal  luminance  above  400°C  by  a  decrease  in  their 
molecular  dimensions.  A  new  particle  such  as  calcium 
hydroxide  which  losses  a  H2O  molecule  at  this 
temperature  satisfies  this  criterion. 


These  particles  used  herein  are  compared  to  an  inert 
reference :  zirconium  oxide. 

4  -  RESULTS  AND  DISCUSSION 

4-1  Mean  CH4  concentration ;  case  L 

Mie  scattering  is  demonstrated  using  several  particles 
such  as  silicone  oil.  Teflon,  calcium  hydroxide  and 
zirconium  oxide.  Figure  5  shows  the  average  methane 
concentration  in  a  cold.  Bluff  Body  flow  using  Teflon 
particles.  This  Figure  reveals  the  symmetry  of  the  flow  and 
the  weak  penetration  of  the  entrained  air  within  the  central 
jet.  These  results  qualitatively  agree  with  LDV  velocity 
data  discussed  in  Neveu  and  al. 


Figure  5:  Mean  value  of  methane  concentration  in  a  Bluff 
Body  cold  flow  (case  L)  by  Mie  scattering  off  Teflon 
particles 

Figure  6  presents  the  mean  value  of  methane 
concentration  profile  along  the  axial  direction  of  the  fuel 
jet.  The  data  from  Mie  scattering  are  compared  with  those 
(Prwzeswa  and  Albert)  obtained  from  probe  measurements 
(horizontal  probe,  4  mm  in  diameter).  In  this  experimental 
method,  the  absolute  uncertainties  in  the  mean  CH4 
concentration  are  about  ±1%.  The  results  show  good 
agreement  between  the  two  experimental  methods  for  cold 
flows. 

The  differences  noticed  in  the  particles’  behavior  are  due 
to  their  time  response.  The  corresponding  Stokes  number 
for  each  particle  indicates  that  centrifugal  effects  will  be 
important  for  hydroxide  calcium.  This  effect,  coupled  the 
inhomogeneities  in  the  seeding  particle  diameter,  also 
explains  the  fluctuations  in  the  mean  axial  profile  for 
hydroxide  calcium. 
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Figure  6:  Mean  axial  methane  concentration  in  a  Bluff 
Body  cold  flow  (case  L)  by  Mie  scattering  off  different 
particles 


Figure  7  presents  the  mean  methane  concentration,  20 
mm  from  the  burner  and  shows  good  agreement  between 
both  the  probe  and  Mie  measurements.  The  mixing  of  the 
fuel  into  the  recirculating  zone  is  evident,  indicating  that 
this  region  consists  of  a  nearly  uniform  mixture  of  fuel  and 
air. 


Figure  7:  Mean  radial  methane  concentration  in  a  Bluff 
Body  cold  flow  (case  L,  20mm  from  the  base  of  the 
burner)  by  Mie  scattering  off  different  particles 


Figure  8  reveals  the  mean  CH4  concentration  for  the 
combusting  case  using  Teflon  particles.  One  sees  that  the 
methane  concentration,  in  the  recirculating  zone,  is 
beyond  0.5%  (theoretical  limit  of  detectability  by  Mie 
scattering).  This  result  shows  that  this  region  corresponds 
to  a  reacting  zone  where  the  fuel  is  being  consumed. 

It  is  also  apparent  that  there  is  no  penetration  of  the 
ambient  recirculating  air  into  the  potential  core  of  the  fuel 
jet. 


Figure  8:  Mean  methane  concentration  in  a  Bluff  Body 
flame  (case  L)  by  Mie  scattering  off  Teflon  particles 


Figure  9  depicts  the  axial  methane  concentration  by  Mie 
scattering  using  different  particles.  Together  with  these 
results,  the  mean  temperature  profile  at  the  same  locations 
from  fine  wire  thermocouple  measurements  is  also 
presented  (Neveu  and  al).  This  graph  shows  that  Teflon 
particles  are  able  to  depict  the  mean  CH4  concentration 
until  a  height  of  50mm  from  the  basis  of  the  burner.  Oxide 
zirconium  particles  which  act  as  an  inert,  provide  methane 
concentrations  measurements  below  the  values  obtained 
for  a  jet  seeded  with  Teflon  particles  jet.  This  effect,  which 
was  not  observed  in  the  cold  case,  is  most  likely  due  to 
changes  in  the  optical  properties  with  temperature. 
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Figure  9:  Mean  axial  methane  concentration  and 
temperature  in  a  Bluff  Body  flame  (case  L)  by  Mie 
scattering  off  several  particles 


Figure  10  shows  that  above  50  mm  from  the  base  of  the 
burner,  Mie  scattering  off  Teflon  particles  yield  methane 
concentration  data  below  the  probe  measurements.  In  this 
low  velocity  region,  the  effects  of  molecular  diffusion  are 
more  pronouced  and  thereby  explain  the  difference  in 
behavior  between  the  particle  and  the  CH4  molecules. 


Figure  10:  Mean  axial  methane  concentration  in  a  Bluff 
Body  flame  (case  L)  by  Mie  scattering  off  Teflon  particles 


A  radial  concentration  profile  at  20  mm  from  the 
burner’s  base  (Figure  11)  shows  the  accuracy  of  the 
Teflon  particles  in  comparison  with  the  probe 
measurements.  The  difference  observed  at  the  edge  of  the 
fuel  jet  between  the  Teflon  measurements  and  the  probe 
data  is  probably  due  to  the  intrusive  effect  of  the  latter 
method.  During  combustion,  methane  is  consumed  at  the 
edge  of  the  fuel  jet.  In  this  region,  the  horizontal  probe 
generates  a  recirculation  zone  that  increases  the  fuel  air 
mixing  and  hence  the  combustion,  thereby  under 
estimating  in  the  CH4  concentration.  This  effect,  however, 
does  not  exist  with  Mie  scattering. 


Figure  11:  Mean  radial  methane  concentration  and 
temperature  in  a  Bluff  Body  flame  (case  L)  by  Mie 
scattering  off  several  particles 


4  -2  Mean  methane  concentration  :  case  N 

This  cold  flow  case  is  characterised  by  an  axial 
stagnation  point  resulting  from  the  fuel  jet  penetrating  into 
the  recirculating  zone.  Here,  only  Teflon  particles  are  used 
to  follow  the  methane  behavior.  The  Mie  scattering  data 
are  compared  to  correspond  Raman  results  which  uses  the 
emission  of  light  off  the  fuel  molecules. 

More  information  about  the  Raman  experiments 
conducted  at  Sandia  National  Laboratories  (Livermore 
USA)  can  be  found  in  Namazian  and  al. 

The  spontaneous  Raman  scattering  from  CH4  is 
observed  at  514  nm  for  a  444  nm  excitation.  The  beam 
from  the  Research  facility's  flash  lamp  pumped  dye  laser 
(1.8  microsecond  pulse  duration)  is  formed  into  a  0.3  mm 
thick  sheet  of  light  by  a  multipass  cell.  The  spatial 
resolution  is  300  x  500  pixels.  Calibration  in  a  flow  of 
pure  CH4  at  room  temperamre  and  pressure  allowed  the 
CH4  signal  to  be  converted  to  number  density  and  then  to 
a  relative  methane  concentration.  The  absolute 
uncertainties  in  the  mean  CH4  concentration  by  Raman 
scattering  are  about  ±1% . 
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Figure  12  presents  the  mean  CH4  concentration  by  Mie 
scattering  of  Teflon  particles.  For  this  case,  the  stagnation 
zone  is  located  at  30imn  from  the  basis  of  the  burner.  The 
results  agree  with  corresponding  LDV  measurements 
(Neveu). 
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Figure  12;  Mean  methane  concentration  in  a  Bluff  Body 
cold  flow  (case  N)  by  Mie  scattering  off  Teflon  particles 

The  axial  profiles  of  CH4  concentration  are  shown  in 
Figure  13  along  with  corresponding  axial  velocity  profiles. 
Mie  scattering  is  in  good  agreement  with  the  data  from 
Raman  diffusion  until  an  axial  distance  of  30  mm  which 
corresponds  to  the  stagnation  zone.  In  this  region  where 
the  velocity  drops  to  near  zero,  the  flow  becomes  highly 
unstable  and  is  characterised  by  large  scale  fluctuations. 


Figure  13;  Mean  axial  methane  concentration  and  axial 
velocity  in  a  Bluff  Body  cold  flow  (case  N)  by  Mie 
scattering  off  Teflon  particles 


Particles  tend  to  move  by  inertial  effects  in  the 
recirculation  zone  which  reveals  a  lack  of  signal 
downstream  of  the  stagnation  zone. 

In  addition,  above  30mm,  the  signal/noise  ratio  becomes 
less  important  leading  to  higher  uncertainties  in  this  zone. 

Figure  14  presents  a  radial  concentration  profile  at 
20mm  from  the  burner.  It  is  seen  that  Mie  scattering  on 
Teflon  particle  overestimates  the  methane  concentration  in 
the  recirculation  zone  which  is  a  direct  result  of  a  large 
movement  of  particles  from  the  fuel  jet  into  the 
recirculating  zone. 


Figure  14;  Mean  radial  methane  concentration  and  axial 
velocity  in  a  Bluff  Body  cold  flow  (case  N)  by  Mie  off 
Teflon  particles 


The  position  of  the  maximum  CH4  concentration  and  the 
general  trend  of  the  profile  is,  however,  in  good  agreement 
with  the  scattering  data. 

5  -  CONCLUSION 

The  data  obtained  by  Mie  scattering  indicates  the 
accuracy  of  Teflon  particles  as  a  methane  tracer  in  both 
reactive  and  non  reactive  flows.  Due  to  the  difficulties  in 
using  Raman  diffusion  technique  in  reacting  turbulent 
flows,  Mie  scattering  on  Teflon  particles  is  a 
complementary  diagnostic  technique  for  studying 
turbulent  flames.  The  images  resulting  from  Mie  scattering 
on  Teflon  particles  provide  information  on  the  CH4 
concentration,  the  flame  stmcture,  the  recirculating  zone 
and  the  stagnation  regions.  This  method  is  capable  of 
producing  frture  quantitative  results  of  rms  methane 
concentration  fluctuations,  probability  density  functions 
and  spatial  correlations.  Futhermore,  the  25  Hz  recording 
rate  should  also  provide  in  sight  into  the  temporal 
development  of  large  scale  motions  in  similar  flowfields. 
Finally,  Mie  scatering  technique  on  Teflon  particles  is  an 
non  intrusive  method  which  can  be  easily  used  in  an 
industrial  context  and  does  not  request  a  large  investement 
compared  to  Raman  experiment. 
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ABSTRACT 

Non-intrusive  spectroscopic  measurements  with  a 
tuneable  excimer  laser  were  performed  in  an  atmospheric 
combustor  with  premixing  and  prevaporization.  Mixing 
shells  and  film  layers  are  used  to  inject  the  fuel  (n-heptane), 
to  mix  it  with  air,  and  to  stabilize  the  flame  in  the  rectangu¬ 
lar  combustion  chamber  equipped  with  silica  quartz  win¬ 
dows  allowing  laser-based  investigations  in  the  UV  regime. 

A  qualitative  distribution  of  fuel  vapour  is  obtained 
measuring  the  intensity  of  laser-induced  (ArF  laser; 
jLwl93nm)  fluorescence  from  pyrolized  hydrocarbons 
(UHC);  this  emission  is  mainly  caused  by  multi-photon 
dissociation  (MPD)  of  acetylene.  The  hydroxyl  radical  (OH) 
is  detected  using  248  nm  KrF  laser  to  excite 
A(  v'  =  3  )<-X(  v"  =  0 )  transition. 

Averaged  images  of  UHC  and  OH  reflect  the  visible 
shape  of  the  flame  characterized  by  two  regions  where  the 
main  combustion  processes  occur  and  which  are  located  near 
the  header  plate  giving  a  short  combustion  zone.  Single 
shots  of  OH  reveal  a  high  turbulence  level  in  the  flame. 


1.  INTRODUCTION 

During  the  last  decade,  non-intrusive  laser-based 
imaging  techniques  have  been  applied  in  numerous  experi¬ 
ments  to  gaseous  reactive  flows  (Allen  et  al.  (1993))  and 
spray  flames  (Koch  et  al.  (1993),  Honig  et  al.  (1994)). 
High-power  excimer  or  pulsed  dye  lasers  are  employed  for 
the  determination  of  temperature,  velocity,  or  pressure,  and, 
furthermore,  for  the  selective  detection  of  single  species,  e.g. 
CH,  OH,  NO,  and  Oj,  or  the  visualization  of  liquid  and 
gaseous  fuel.  Most  experiments  were  conducted  at  atmos¬ 
pheric  pressure;  recently,  investigations  were  extended  to 
high-pressure  combustion  (Allen  et  al.  (1994),  Allen  et  al. 
(1995),  Locke  et  al.  (1995)). 

As  lean  premixed  prevaporized  combustion  is  one  of 
the  concepts  proposed  for  gas  turbine  combustors  with  low 
nitric  oxide  emissions,  an  atmospheric  combustor  with  pre¬ 
mixing  and  prevaporization  was  investigated  in  this  work.  A 


new  double  shell  concept  is  employed  to  atomize  the  fuel  (n- 
heptane)  and  to  stabilize  the  flame.  Using  a  tuneable  excimer 
laser  at  ArF  transition  (>i,»193nm),  intensities  of  broad¬ 
band  emission  from  unbumed  hydrocarbons  (UHC)  are 
measured.  This  fluorescence  light  stems  mainly  from 
multi-photon  dissociation  (MPD)  of  acetylene  (C2H2)  as 
reported  by  Allen  and  Hanson  (1986),  McDonald  et  al. 
(1978),  and  Jackson  et  al.  (1978).  Operating  the  laser  at  KrF 
transition  (X.si248nm),  the  distribution  of  the  hydroxyl 
radical  (OH)  is  obtained  with  the  LIPF  (laser-induced  pre- 
dissociative  fluorescence)  method  described  by  Andresen  et 
al.  (1988)  and  Koch  et  al.  (1993). 

2.  COMBUSTION  CHAMBER 

The  premix/prevaporizer  duct  is  built  inside  the  at¬ 
mospheric  combustor,  as  drawn  in  Figure  1.  The  fuel  is 
injected  through  two  film  layers  onto  a  double  shell  serving 
as  an  airblast-atomizer.  About  4%  of  the  air  stream  rh^i, 
flows  into  the  atomizer  and  the  adjacent  prevaporizer  duct 
with  a  length  of  about  100  mm.  Into  the  air/fuel  mixture 
leaving  the  prevaporizer  duct,  additional  air  (»  16%  of 
ihjir )  is  injected  through  a  mixer;  subsequently,  the  "new" 
mixture  passes  a  second  double  shell  entering  the  rectangu¬ 
lar  part  of  the  combustor  (height  «  101  mm,  width  » 
124  mm),  in  which  the  flame  is  stabilized  .  One  part  of  the 
remaining  air  (»  20%  of  m^ir )  cools  the  header  plate,  the 
other  one  (»  60%  of  m^ir )  enters  the  rectangular  part  of  the 
combustor  through  slits  along  the  four  walls  as  one  measure 
to  protect  the  walls  against  thermal  loading;  another  measure 
is  described  below.  Three  sides  of  the  combustor  are 
equipped  with  fused  silica  quartz  windows,  the  fourth  side  is 
a  metal  plate  in  which  the  ignitor  is  placed.  About  65  mm  to 
70  mm  behind  the  header  plate,  a  restrictor  plate,  which  has 
an  orifice  of  40  mm  times  80  mm  (vertical  x  horizontal 
dimension)  and  which  is  protected  by  a  ceramic  fibre  sheet, 
is  mounted  to  enhance  recirculation.  The  combustor  is  sup¬ 
plied  with  electrically  heated  air  (Tjir  ^j^  “  650K).  Addi¬ 
tional  air  (ambient  temperature;  mass  flow  rate  up  to 


7.6.1, 


150g/s)  is  used  for  the  cooling  of  the  windows  and  the 
metal  plate.  This  cooling  air  flows  in  eight  small  ducts  along 
the  combustor  edges  from  which  slits  branch  off  creating 
two  cooling  films  for  each  side  of  the  combustor.  These 
ducts  start  at  the  beginning  of  the  combustion  chamber  and 
are  blocked  at  the  end.  Therefore,  the  cooling  air  mostly 
leaves  the  duct  in  the  second  half  of  the  combustor,  thus 
only  slightly  influencing  the  combustion  processes  which 
take  place  in  the  first  half  of  the  combustor. 


Fig.  1;  Drawing  of  the  premix/prevaporizer  duct  built  in 
the  rectangular  combustor;  bottom  and  side  view 

The  air  stream  flowing  into  the  combustor  is  meas¬ 
ured  with  a  metering  orifice,  the  cooling  air  with  a  vortex 
flowmeter.  The  amount  of  fuel  is  determined  with  a  mass 
flowmeter  utilising  the  phenomenon  of  the  Coriolis  force.  N- 
heptane  (n-C7H|5)  is  used  as  fuel  because  it  is  nearly 
transparent  for  UV  laser  radiation  and  its  properties  are 
similar  to  those  of  kerosene.  The  temperature  of  the  air 
entering  the  combustor  is  measured  with  a  NiCr-Ni  thermo¬ 
couple  (type  K)  positioned  about  300  mm  in  front  of  the 
header  plate.  The  distribution  of  the  air  in  the  inlet  section  of 
the  combustor  is  derived  from  experiments  in  which  various 
parts  in  this  section  are  blocked  and  the  dependence  of  the 
reduced  air  mass  flow  on  the  pressure  loss  is  determined.  For 
the  measurements  described  in  this  report,  the  pressure  loss 
is  adjusted  to  about  4  %  corresponding  to  an  air  mass  flow 


of  mjir«42g/s  to  56g/s  in  the  investigated  temperature 
range  of  400  K  to  630  K. 

3.  EXPERIMENTAL  SET-UP  FOR  LASER  MEASURE¬ 
MENTS  AND  EXCITATION/DETECTION  STRAT¬ 
EGY 

A  scheme  of  the  experimental  set-up  used  for  the 
non-intrusive  spectroscopic  measurements  with  detection 
system  and  laser  beam  path  is  drawn  in  Figure  2.  A  tuneable 
excimer  laser  (1)  (Lambda  Physik  EMG  150  T-MSC)  is 
operated  at  ArF  transition  (  L  » 193nm  )  or  at  KrF  transition 
(;^a248nm  ).  The  specifications  of  the  laser  are  listed  in 
Table  I. 


Tab.  1:  Laser  specifications 


Laser  medium 

ArF 

KrF 

Wavelength  [nm] 

193 

248 

Tuning  range  [nm] 

1 

1 

Pulse  energy  max.  [mJ] 

100 

250 

Average  power  max.  [W] 

6 

20 

Repetition  rate  max.  [Hz] 

80 

80 

Bandwidth  [nm] 

0.005 

0.001 

Pulse  width  [ns] 

13 

17 

Beam  shape,  v  x  h  [mm  x  mm] 

21  X  4 

21  X  5 

The  laser  beam  passes  a  calibration  section  (2)  and 
several  mirrors  (3)  and  is  formed  to  a  sheet  of  about  27  mm 
X  1  mm  through  cylindrical  lenses  (4)  and  a  slit  (5).  The 
laser  sheet  (6a,  6b)  penetrates  the  combustor  (7)  from  bot¬ 
tom  to  top. 

Natural  or  laser-induced  fluorescence  light  leaves 
the  combustor  through  a  side  window.  The  signals  some¬ 
times  filtered  with  transmission  filters  or  dielectric  mirrors 
(8)  are  imaged  onto  a  photometric  digital  camera  (9) 
(LaVision  Flamestar  II)  via  a  Nikkor  UV  lens  (105  mm,  F/# 
4.5)  (10).  The  Flamestar  camera  system  consists  of  a  UV 
sensitive  high  gain  image  intensifier  (S20  photocathode,  P20 
phosphor)  fibroptically  coupled  with  the  CCD  chip 
(Thomson  TH7863).  The  intensifier  is  gated  so  that  the 
camera  records  only  a  short  period  (50  to  500  ns)  during  and 
after  each  laser  pulse.  The  resulting  grey  scale  pictures  are 
digitized  and  stored  in  a  computer  (11).  The  computer  with 
an  external  camera  multiplexer  (12)  triggers  the  laser  and  the 
photometric  cameras  and  controls  both  the  stepmotor  to  tune 
the  laser  frequency  and  the  position  of  a  translation  stage 
moveable  in  the  two  dimensions  of  the  horizontal  plane.  The 
detection  system  and  the  optics  guiding  and  forming  the 
laser  beam  are  mounted  on  this  stage. 
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Measurements  were  performed  with  two  different 
configurations  regarding  the  plane  of  interest.  On  the  one 
hand,  the  laser  sheet  (6a)  is  passed  through  the  combustor 
along  the  main  flow  direction  and  the  camera  is  positioned 
in  an  angle  of  90°  to  the  laser  sheet  (see  Figure  3  top).  One 
image  in  a  plane  along  the  flow  direction  comprises  four  or 
five  laser  sheets.  Co-ordinate  "y"  starting  off  at  the  middle  of 
the  combustor  denotes  the  position  of  a  plane.  Looking 
downstream,  a  minus  sign  corresponds  to  the  left  hand  side 
of  the  combustor,  a  plus  sign  to  the  right  hand  side.  A  dark 
bar  in  each  image  taken  in  a  plane  along  the  flow  direction  is 
a  space  which  has  to  be  omitted  due  to  the  restrictor  plate. 
The  images  start  at  about  7  mm  downstream  of  the  header 
plate. 


Fig.  2:  Sketch  of  the  experimental  set-up  with  detection 
system  and  laser  beam  path 


On  the  other  hand,  the  laser  sheet  (6b)  is  perpen¬ 
dicular  to  the  flow  direction  and  the  camera  detects  the 
signals  in  an  angle  of  about  20°  with  regard  to  the  plane  of 
the  laser  sheet  (see  Figure  3  bottom).  Single  pictures  are 
rotated  with  the  aid  of  the  computer  giving  a  view  of  90°  on 
the  plane  of  interest.  Each  of  those  planes  perpendicular  to 
the  flow  direction  is  made  up  of  three  laser  sheets;  the  posi¬ 
tion  of  a  plane  is  indicated  by  co-ordinate  "x"  starting  from 
the  header  plate.  Due  to  the  camera  position,  the  resulting 
images  represent  a  view  against  the  main  flow  direction.  At 
certain  positions  (x  =  47,  57,  61  mm),  signals  are  totally 
blocked  by  the  restrictor  plate  or  can  only  be  detected 
through  the  orifice  of  that  plate  (vertical  dimension:  40  mm). 

For  the  detection  of  gaseous  unbumed  hydrocarbons 
(UHC),  the  laser  is  used  at  ArF  transition  (  k  «  193nm  )  and 


Fig.  3:  Scheme  of  the  two  configurations  regarding  the 
plane  of  interest  in  which  measurements  are  per¬ 
formed;  top:  plane  along  flow  direction;  bottom: 
plane  perpendicular  to  flow  direction 


tuned  to  a  wavelength  off-resonant  to  O2  and  NO  (Allen  and 
Hanson  (1986),  Honig  et  al  (1994)).  Subsequent  broad-band 
emission,  which  may  be  dominated  by  emission  from  ex¬ 
cited  states  of  CH  and  C2  caused  by  photodissociation  of 
small  hydrocarbons  (Jackson  et  al.  (1978),  McDonald  et  al. 
(1978),  Craig  et  al.  (1982)),  is  detected  in  a  range  of  about 
250  nm  to  400  nm  (UG  11  filter).  To  give  an  example  for 
this  emission,  the  high  flux  of  the  UV  laser  allows  non¬ 
resonant  two-  or  three-photon  absorption  by  acetylene 
yielding  mainly  electronically  excited  C2  (McDonald  et  al. 
(1978)).  The  fact  that  the  emission  from  UHC  is  initiated  by 
a  non-resonant  process  explains  why  this  fluorescence  phe¬ 
nomenon  is  independent  of  the  excitation  wavelength. 

Hydroxyl  radicals  (OH)  are  detected  using  KrF  ex- 
cimer  laser  (k«248nm)  to  excite  the  P2(8)  line 

(v  =  40248.48  cm’',  Andresen  et  al.  (1988))  of  the  vibra¬ 
tional  transition  3<-0  in  the  A^Z'"  <-X''n  absorption  band. 
The  upper  state  of  this  transition  predissociates  with  a  rate  of 

about  10'“  s’’  (Gray  and  Farrow  (1991));  yet,  the  quenching 
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rate  in  hydrocarbon  flames  at  atmospheric  pressure  is  about 
0.5-10"®  s"’ (Schwarzwald  et  al.  (1987),  Kollner  et  al. 
(1990)).  Hence,  the  fluorescence  light  of  the  excited  OH 
molecules,  detected  through  a  UG  1 1  filter,  is  only  slightly 
influenced  by  quenching  processes.  Interpreting  the  OH 
measurements  in  a  quantitative  manner,  one  has  to  keep  in 
mind  that  the  population  density  of  the  ground  state  depends 
on  temperature.  For  the  considered  transition  of  OH,  how¬ 
ever,  this  dependence  is  small  over  typical  flame  conditions 
(Koch  (1992),  Koch  et  al.  (1993),  Honig  et  al.  (1994)). 
Furthermore,  transition  from  v'  =  3  to  lower  vibrational 
states  v'  =  2,  1,  0,  which  do  not  predissociate,  takes  place 
(Koch  (1992),  Andresen  et  al.  (1988)).  The  vibrational  en¬ 
ergy  transfer  in  the  excited  state  accounts  to  about  5  %;  yet, 
the  intensities  of  the  direct  ( v'  =  3 )  and  indirect  ( v'  =  2,  1, 
0)  emission  appear  to  be  almost  equal  (Koeh  (1992)).  There¬ 
fore,  it  is  recommended  to  detect  only  the  emission  via  the 
3-2  band  in  the  range  of  295  to  305  nm,  the  main  transition 
in  the  fluorescence  of  the  directly  excited  state  of  OH 
( v'  =  3 ).  Unfortunately,  this  detection  strategy  for  OH  could 
not  be  realized  in  this  work. 

For  the  selective  detection  of  OH,  images  are  taken 
with  the  laser  tuned  on-  and  off-resonant  to  an  appropriate 
absorption  line;  subsequently,  the  off-resonance  signals  are 
subtracted  from  the  on-resonance  ones  to  make  sure  that  the 
resulting  images  trace  back  solely  to  the  species  under  in¬ 
vestigation. 

The  laser-induced  fluorescence  signals  are  imaged 
onto  the  CCD-chip  with  an  exposure  time  of  0.2  -  0.5  ps 
(single  shot  picture).  To  get  a  residence  probability  or  aver¬ 
aged  spatial  distribution  of  the  species  investigated,  images 
are  taken  with  "sequence  summing",  i.e.  50  shots  are  added 
up  "on  chip"  and  this  procedure  is  repeated  10  times  before 
storing  the  data. 


4.  RESULTS 

The  shape  of  the  flame  could  be  seen  through  the 
quartz  windows.  Photos  and  video  records  have  been  taken. 
They  reveal  that  two  regions  exist  in  which  the  main  com¬ 
bustion  processes  occur,  one  directed  to  the  upper  left  corner 
of  the  combustor  and  one  to  the  lower  right  one  if  one  looks 
downstream.  These  two  "clubs"  of  the  flame  stay  at  a  rela¬ 
tively  large  angle  to  the  main  flow  direction,  i.e.  they  are 
positioned  quite  near  to  the  header  plate  giving  a  short  com¬ 
bustion  zone.  Regarding  the  visible  shape  of  the  flame,  it 
turned  out  -  for  a  given  air-fuel  ratio  -  that  it  was  almost  the 
same  with  and  without  restrictor  plate.  Therefore,  the  restric¬ 
tor  plate  is  not  necessary  to  achieve  a  stable  flame. 

In  both  cases,  the  flame  burned  stably  only  under 
very  rich  conditions  (2<  AFRprevapour  10^  AFR^^e  <15). 
Although  the  double  shell  failed  in  achieving  stable  lean 
combustion,  it  works  well  as  atomizer.  Images  obtained  with 
the  Mie  scattering  technique  show  that,  if  the  inlet  tempera¬ 
ture  exceeds  a  certain  limit,  only  a  small  amount  of  liquid 
fuel  is  present  in  the  flow.  This  is  consistent  with  the  obser¬ 
vation  that  no  droplets  are  visible  in  the  flame.  Liquid  fuel  is 


mainly  detected  around  the  vertical  symmetry  plane  of  the 
combustor  (-15  mm  <y<  1 5  mm). 

The  capability  of  the  prevaporizer  is  also  demon¬ 
strated  in  Figure  4  showing  the  distribution  of  signal  inten¬ 
sities  of  gaseous  pyrolized  fuel  (UHC)  at  different  inlet 
temperatures.  Using  ArF  laser  (A,«193nm)  tuned  off- 
resonant  to  O2  and  NO,  10  single  shots  (exposure  time 
f»0.4|is)  are  summed  up  measuring  in  a  plane  along  the 
flow  direction  (y  =  -  25  mm). 


Tin  =  410  K 


Fig.  4:  Distribution  of  gaseous  fuel  (UHC)  intensities  at 

varying  inlet  temperature,  detected  with  multi-photon 
dissociation  method  (ArF  laser,  L  »  193nm  )  in  a 
plane  along  flow  direction  (y  =  -  25  mm); 
flow  from  right  to  left; 

excitation  wavelength  off-resonant  to  O,  and  NO; 
sum  of  10  single  shots  (exposure  time  «  0.4  ps); 
imaged  area:  46  mm  x  1 12  mm  (height  x  length); 
filtering:  UG  1 1  filter,  i.e.  range  of  detention  about 
250- 400  nm;  m^j,  «45-56g/s;  «1.3-135g/s; 

grey  scale:  black:  max.;  white:  min.  intensities; 


The  transmission  filter  (UG  1 1  Schott  glass)  used  to 
detect  the  broad-band  emission  from  small  pyrolized  hydro¬ 
carbons  does  not  totally  block  the  elastically  scattered  light 
(Mie  scattering).  Hence,  fuel  droplets  are  observable  in 
Figure  4.  Obviously,  the  focusing  of  the  camera  was  not 
perfect  in  these  experiments  as  the  fuel  droplets  appear 
slightly  blurred. 

UHC  measurements  performed  in  several  planes 
along  the  flow  direction  indicate  that  pyrolized  hydrocar¬ 
bons  can  be  found  along  the  central  line  of  the  combustor 
and  in  the  two  "clubs"  of  the  flame,  described  above.  Fur¬ 
thermore,  the  images  of  UHC  reveal  that  gaseous  fuel  is 
burned  rapidly,  but  it  is  obviously  distributed  unequally,  as 
far  as  this  can  be  inferred  from  qualitative  measurements. 
The  UHC  images  and  the  distribution  of  LIPF-OH  signal 


7.6.4, 


y  =  +  20min  y  =  +30mm  y-  +  38mm 


x  =  47mm  x  =  57mm  x  =  61mm  x=77mm 


Fig.  5:  Distribution  of  hydroxyl  radical  (OH)  detected  with  LIPF-method  (KrF-laser,  X  «  248  nm);  excitation  wavelength. 

P2(8)  line  of  the  vibrational  transition  3<— 0  in  the  <— X^O  absorption  band  ( v  =  40248.48cm  );  off-resonance 
signals  subtracted;  "sequence  summing",  10  times  50  shots  (exposure  time  »  0.25  ps);  filtering:  UG  1 1  filter,  i.e.  range 
of  detection:  about  250  -  400  nm;  m^jr  w  42  -  44g/s;  «560-635K;mfyj|  «1.05g/s; 

grey  scale:  black:  max.;  white:  min.  intensities; 

top:  9  planes  along  flow  direction;  flow  from  right  to  left;  imaged  area:  62  mm  x  1 16  mm  (height  x  length); 

bottom:  8  planes  perpendicular  to  flow  direction;  view  against  flow  direction;  imaged  area.  45  mm  x  73  mm  (height 
X  width); 

intensities  in  Figure  5  unveil  a  region,  located  in  the  right  nates  over  the  oxidation  processes  as  high  signals  from 

bottom  comer  of  the  combustor  between  x  =  0  mm  and  UHC,  but  low  ones  from  OH  are  detected. 

about  x  =  25  mm,  where,  evidently,  the  vaporization  domi-  OH  is  investigated  in  9  planes  along  and  in  8  planes 

perpendicular  to  the  flow  direction.  All  images  in  Figure  5 


7.6.5. 


are  derived  with  "sequence  summing"  (10  times  50  shots), 
i.e.  adding  up  500  shots,  and  by  subtraction  off-  from  on- 
resonance  signals.  Koch  et  al.  (1993)  report  that,  using  KrF 
laser,  unfiltered  emission  from  pyrolized  hydrocarbons  is 
stronger  than  the  fluorescence  of  OH.  Although  in  this  work 


y  =  -  20  mm 


X  =  27  mm 


Fig.  6;  Distribution  of  hydroxyl  radical  (OH)  detected  with 
LIPF-method  (KrF-laser.  X  a  248  nm);  excitation 
wavelength:  P2(8)  line  of  the  vibrational  transition 

3<-0inthe  A'l"  •(-X'H  absorption  band 
( v  =  40248.48  cm"' );  single  shot:  exposure  time  k 
0.25  ps;  filtering,  inlet  conditions,  and  imaged  areas 
cf  Fig.  5; 

grey  scale:  black:  max.;  white:  min.  intensities; 
top:  plane  along  flow  direction; 

bottom;  plane  perpendicular  to  flow  direction; 

no  selective  filtering  of  the  emission  induced  by  KrF  laser  is 
employed,  the  on-resonance  signals  are  more  intense  than 
the  off-resonance  ones,  in  contrast  to  the  experiences  made 
by  Koch  et  al.  (1993)  in  liquid-fuelled  spray  flames  of  com¬ 
mercial  oil  burning  furnaces  using  also  n-heptane  as  fuel. 
The  distribution  of  OH  in  Figure  5  resembles  the  visible 
shape  of  the  flame  described  above. 

Figure  6  displays  two  single  shot  images  of  OH,  one 
in  a  plane  along  and  one  perpendicular  to  the  flow  direction. 
No  off-resonance  signals  are  subtracted  as  on-  and  off- 
resonance  signals  cannot  be  detected  simultaneously.  There¬ 
fore,  in  regions  where  still  large  amounts  of  gaseous  fuel  are 
present,  as  mentioned  above,  the  results  of  single  shot  meas¬ 
urements  without  selective  detection  of  the  OH  emission 
ought  to  be  viewed  cautiously.  In  those  regions,  intensities 


of  off-resonance  signals  can  be  in  the  same  order  as  that  of 
on-resonance  emission.  In  the  OH  single  shot  image  in  a 
plane  along  the  flow  direction  (Figure  6  top),  one  can  see  the 
typical  structure  of  a  turbulent  flame.  In  small  bright  re¬ 
gions,  where  the  flame  front  is  located  at  the  moment  of 
detection,  hot  products  encounter  and  ignite  fresh  fuel-air 
mixtures  thus  starting  and  supporting  the  combustion  proc¬ 
esses.  Beside  the  bright  spots,  larger  fields  of  lower  bright¬ 
ness  are  visible  where  combustion  products  can  be  found. 
The  convoluted  flame  front  indicates  a  high  turbulence  level. 
Allen  et  al.  (1994)  report  on  similar  structures  observing  the 
inner  flame  front  of  a  spray  flame  at  0. 1  MPa  using  a  solid 
cone  nozzle.  The  high  turbulence,  obviously  caused  through 
the  vortices  induced  by  the  double  shell,  associated  with  a 
large  strain  rate  of  the  flame,  might  be  one  reason  for  the 
blow  out  of  the  flame  at  quite  rich  conditions. 

Furthermore,  the  examination  of  several  single  shots 
of  OH  reveals  relatively  large  fluctuations  of  the  flame.  The 
same  feature  is  perceptible  in  images  of  the  natural  fluores¬ 
cence,  taken  with  an  exposure  time  of  100  ps.  Checking  the 
fuel  supply  concerning  irregularities,  this  source  can  evi¬ 
dently  be  excluded  for  causing  the  fluctuations  of  the  flame. 

In  single  shots  of  OH  taken  in  planes  perpendicular 
to  the  flow  direction,  one  example  is  given  in  Figure  6,  the 
fine-scale  structure  in  the  turbulent  flame  is  almost  totally 
blurred  because  of  the  steep  angle  at  which  the  camera  de¬ 
tects  the  signals  induced  by  the  laser  sheet  resulting  in  a 
deterioration  of  spatial  resolution. 

5.  CONCLUSIONS 

An  rectangular  combustor  was  investigated  at  at¬ 
mospheric  pressure  employing  a  new  double  shell  concept 
for  fuel  atomization  and  flame  stabilization.  Silica  quartz 
windows  allowed  laser-based  imaging  measurements. 

Lean  stable  combustion  could  not  attained  with  the 
double  shell.  Yet,  good  atomization  and  vaporization  was 
observed.  Almost  no  droplets  are  visible  in  the  flame  and, 
respectively,  are  detected  using  Mie  scattering  techniques. 
Multi-photon  dissociation  measurements  of  UHC  show  a 
rapid  consumption  of  gaseous  fuel.  Averaged  LIPF-OH 
images  reflect  the  visible  shape  of  the  flame  characterized  by 
two  regions  where  the  main  combustion  processes  take 
place.  These  regions  are  situated  near  to  the  header  plate 
thus  resulting  in  a  short  combustion  zone.  Single  shot  im¬ 
ages  of  OH  reveal  a  high  turbulence  level  and  quite  large 
fluctuations  of  the  flame,  probably  responsible  for  blow  out 
at  relatively  rich  conditions.  Further  work  will  concentrate 
on  an  improved  concept  for  the  stabilization  of  the  flame. 
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1.  ABSTRACT 

In  this  work,  the  flow  through  a  radial  centrifugal  pump 
has  been  examined.  With  a  two-component  Laser-Doppler- 
Anemometer  (LDA),  the  velocity  distributions  and  the  profiles 
of  the  turbulent  shear  stress  have  been  measured  in  impeller 
and  casing  of  the  pump.  Investigations  at  different  rotational 
speeds  and  flow  rates  showed  some  main  influences  on  the 
transport  conditions,  especially  the  advantage  of  speed-con¬ 
trolled  operation  compared  to  throttling  control. 


2.  INTRODUCTION 

Shear  forces  due  to  fluid  motion  can  cause  severe  product 
destruction  on  shear  sensitive  media  in  applications  in  food- 
and  biotechnology.  Agglomeration  of  milk  fat  bubbles 
/Hinrichs  (1994)/,  the  negative  influence  on  beer  wort  con¬ 
tents  /Denk  (1995)/,  or  shear  induced  damage  to  cells  /Cherry 
&  Kwon  (1990)/  or  enzymes  /Tirrel  &  Middleman  (1975)/  in 
bioreactors  have  been  reported  in  literature.  Typical  values  for 
the  critical  shear  stress  for  such  destruction  in  long  term 
experiments  are  in  the  order  of  magnitude  of  50  Pa  /Hinrichs 
(1994),  Denk  (1995)/. 

Due  to  the  fast  rotating  impeller  and  the  energy  input  in  a 
pump,  shear  forces  considerably  higher  than  this  level  can  be 
expected.  But  the  typical  operating  behaviour,  the  good 
possibility  for  cleaning  and  sterilising,  connected  with  com¬ 
paratively  low  cost  make  radial  centrifugal  pumps  very  wide¬ 
spread  in  the  food-  and  biotechnological  industry.  In  this  work 
the  profiles  of  the  mean  flow  and  the  turbulent  shear  stress 
have  been  investigated  in  a  standard  industrial  pump  at  dif¬ 
ferent  rotational  speeds  and  flow  rates  to  find  the  main  influ¬ 
ences  on  the  transport  conditions  in  the  pump.  To  support 
these  LDA  measurements  in  regions  close  to  walls,  wall  shear 
rate  measurements  at  the  impeller  of  the  pump  have  been 
performed  with  the  limiting  current  electrodiffusion  technique 
which  are  reported  elsewhere  /Lutz  et  al.  (1996)/. 

These  examinations  shall  lead  to  recommendations  for  the 
operation  of  centrifugal  pumps  and,  with  further  investiga¬ 
tions,  to  improved  pump  geometries  for  the  transportation  of 
shear  sensible  liquids. 


3.  EXPERIMENTAL 


3. 1  Pump  and  Test  Rig 

For  the  investigation,  a  full  scale  radial  centrifugal  pump 
with  an  open  stainless  steel  impeller  was  used.  The  impeller 
(diameter  d  =  1 50  mm)  has  seven  backward  bounded  blades 
(height  s  =  20mm)  of  simple  two  dimensional  design.  The 
pump  has  a  toroidal  casing  (gap  width  1  =  30  mm)  with  a 
planar  front  cover  which  provides  good  accessibility  for  the 
optical  measurements.  This  front  cover  has  been  replaced  by  a 
plate  of  acrylic  glass,  but  the  overall  geometries  of  casing  and 
impeller  have  not  been  changed  (Fig.  1 ). 


Fig.  1  Schematical  sketch  of  the  pump  geometry  and  the  used 
coordinate  system. 


The  pump  is  run  with  a  speed-controlled  motor  in  a 
closed  pipe  circulation.  The  speed  of  the  pump,  temperature, 
head,  and  the  flow  rate  are  measured.  To  realise  different  flow 
rates  at  one  rotational  speed,  a  throttle  was  used.  Fig.  2  sche¬ 
matically  shows  the  test  rig.  The  Net  Positive  Suction  Head 
(NPSH)  of  the  plant  is  1.5  m,  thus  rotational  speeds  n  up  to 
1650  revolutions  per  minute  (rpm)  and  flow  rates  up  to 
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V  =26in"^/h  were  possible  until  cavitation  occurred.  All 
experiments  were  carried  out  with  demineralised  water  at  a 
temperature  of  T=20‘’C,  mostly  at  n=1450rpm,  which 
corresponds  to  a  standard  four-pole  asynchronous  motor  at  a 
mains  frequency  of  50  Hz.  The  specific  speed  of  the  inves¬ 
tigated  pump  at  its  point  of  best  efficiency  is 
=  22  min"'. 


turbulent  motions  in  the  present  case  could  not  be  resolved. 
But  because  most  of  the  energy  in  a  turbulent  flow  is  associ¬ 
ated  with  the  large  scale  motion  /Schlichting  (1982),  Tennekes 
&  Lumley  ( 1 972)/,  the  spatial  resolution  of  the  measurements 
is  sufficient  for  characterization  of  the  shear  stress  profiles  in 
the  pump. 

Due  to  the  planar  cover  of  the  pump  casing  (Fig.  1),  an 
intersection  of  the  two  MCVs  inside  the  pump  was  possible 
and  coincidence  measurements  could  be  performed.  With  the 
simultaneous  measurement  of  two  velocity  fluctuations  «',v', 
one  component  of  the  turbulent  stress  tensor  can  be  calculated 
according 


x„.,  =  -ppV).  (2) 

Because  purified  water  and  a  backscattering  arrangement 
was  used,  seeding  particles  were  needed  to  obtain  satisfying 
data  rates.  These  were  latex-spheres  with  a  mean  diameter 
dp  =  1 2  pm  and  a  density  Pp  =  2.6  g/cm\  A  possible  estima¬ 
tion  for  the  slip  velocity  of  the  particles  lv,,-v/l  relative  to  the 
fluid  can  be  made  following /Adrian  (1991)/ 
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Fig.  2  Sketch  of  the  pump  test  bed. 


3.2  Measurement  of  the  Velocity 

For  the  velocity  measurements,  a  standard  two-compo¬ 
nent  Laser-Doppler-Anemometer  (LDA)  with  backscattering 
technique  is  used.  It  consists  of  a  lOOmW  Ar-Ion-Laser  and 
the  green  and  the  blue  line  were  used  for  coincidence 
measurement  of  the  radial  and  circumferential  velocity  com¬ 
ponent.  The  LDA-system  works  with  bragg-cell  frequency- 
shifting,  photo-multipliers,  and  two  counter-processors.  The 
laser  beam  is  lead  in  a  fibre  optic  cable  to  the  non-corotating 
probe  that  is  mounted  on  a  three  axis  traverse  table  in  front  of 
the  pump.  Because  the  central  entering  suction  pipe  and  its 
connection  to  the  pump  did  not  allow  to  position  the  laser 
probe  very  close  to  the  pump,  a  focusing  lens  with  a  focal 
length  of  349.8  mm  had  to  be  used.  This  led  to  a  diameter  of 
the  measurement  control  volume  (MCV)  d  =  85  pm. 

Tbe  diameter  of  the  probe  volume  is  large  compared  to 
the  smallest  length  scales  occurring  in  the  flow.  The 
Kolmogorov  microscale  of  length  t)  can  be  estimated  to 
/Tennekes  &  Lumley  ( 1 972),  Delgado  (1986)/ 

/  N  -yji 

,  _  -V4  0. 15  m  10  m/s  1 

q=/xRe-'  =60  mm  - — — y7^\  =1.4  pm,  (1) 

10  m  /s  ) 

with  the  distance  between  two  blades  at  the  outer  radius 
of  about  60  mm  as  typical  integral  length  scale  and  a  velocity 
scale  in  the  order  of  10  m/s.  But  usually  a  MCV  of  3-5  q  is 
recommended  for  LDA-measurements  /Tropea  (1996)/,  which 
would  mean  a  possible  resolution  of  the  configuration  used  in 
this  work  of  about  85  pm/5  =  17  pm.  Therefore  the  smallest 


In  the  present  investigation,  with  an  acceleration  of 
V  =  \r/r.  a  particle  slip  velocity  of  about  7  mm/s  can  be 
expected,  which  is  below  0. 1  %  of  the  mean  velocity. 

The  number  of  measured  data  points  required  for  a  given 
error  e  of  the  mean  velocity  can  be  estimated  with  the  relation 
/Tropea  (1996)/ 

eL  =  2.58^.  (4) 

N 

To  achieve  a  maximum  error  for  the  measurement  of 
1  %  (99  %  confidence  interval),  the  number  of  necessary  data 
points  at  a  turbulence  intensity  Tu  =  20  -  40  %  inside  the 
impeller  is  N>4000  statistically  independent  velocity  data 
points. 

3.3  Angular  Resolution 

For  a  detailed  description  of  the  flow  inside  the  impeller,  it  is 
necessary  to  correlate  the  velocity  data  of  the  LDA  to  the  an¬ 
gular  position  of  the  impeller.  For  that  purpose,  a  shaft 
encoder  is  connected  to  the  motor  shaft  (the  impeller  is 
mounted  directly  on  the  motor  shaft,  see  Fig.  2).  With  every 
valid  velocity  measurement  of  the  LDA,  self-developed  elec¬ 
tronics  supply  the  signal  of  the  shaft  encoder  to  the  LDA- 
processor  and  the  actual  position  of  the  impeller  is  saved.  The 
shaft  encoder  works  with  a  resolution  of  6000  increments  per 
revolution  (Aa  =  0.06°). 

In  Fig.  4,  a  typical  distribution  of  the  measurement  data  at  one 
position  of  the  laser  probe  over  the  angular  position  of  the 
shaft  encoder  is  shown.  The  seven  blades  of  the  impeller, 
where  no  valid  data  points  occur,  are  clearly  visible.  After  the 
measurement,  the  data  was  sorted  on  the  PC  according  to  its 
angular  position. 
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Because  6000  positions  per  revolution  with  the  accuracy 
mentioned  above  would  require  a  measurement  time  per 
position  of  about  70  hours,  the  angular  resolution  had  to  be 
reduced.  A  resolution  of  Act  =  1 .0°  was  found  to  be  sufficient 
for  the  detection  of  local  shear  stress  maxima.  That  refers  to  an 
averaging  of  the  velocities  over  an  arc  length  of 
(0.6  <  s  <  1 .3)  mm  which  is  similar  to  the  length  of  the  MCVs 
(1  =  1.2  mm).  The  velocity  profiles  and  of  course  the  turbulent 
shear  stress  as  well,  show  some  differences  in  the  various 
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Fig.  4  Distribution  of  measurement  data  vs.  angular  position  of 
the  impeller. 


impeller  channels,  due  to  manufacturing  tolerances  (Fig.  5). 
But  these  differences  (typically:  Av<3  %,  At,  <15%  )  did  not 
justify,  for  our  purposes,  the  much  bigger  amount  of  data  to  be 
collected,  if  all  passages  would  have  been  analysed  separately. 
Therefore,  the  angular  positions  of  all  seven  passages  were 
superpositioned  relative  to  the  preceding  blade.  Thus  the 
measurement  time  for  one  position  of  the  laser-probe  was 
reduced  to  about  35  minutes.  After  the  measurement,  the  data 
was  sorted  according  to  the  angular  positions  and  analysed. 

To  get  statistically  independent  data,  there  should  be  at 
least  a  time  of  two  integral  time  scales  /,■  of  the  flow  between 
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Fig.  3  Absolute  velocities  and  turbulent  shear  stress  data  in  the 
seven  impeller  passages.  (Separately  and  superpositioned). 


two  succeeding  measurements.  But  because  of  the  rotating 
impeller  and  the  described  method  of  angular  resolution  with  a 
fixed  probe  volume,  there  must  be  at  least  one  turn  of  the 
impeller  until  the  same  position  can  occur  again.  Therefore, 
every  measurement  at  one  specific  angular  position  comes 
from  another  turn  of  the  impeller  and  is  not  correlated  to  the 
preceding  measurement. 

Even  with  the  reduction  of  the  angular  resolution  to 
Aa=  r,  the  averaging  time  in  one  passage  becomes  about 
/„  =  0.1  ms  for  one  turn  of  the  impeller.  At  the  used  measure¬ 
ment  frequencies  of  f  =  500  Hz  no  problems  with  statistically 
dependent  data  occurred. 


4  RESULTS  AND  DISCUSSION 

A  main  interest  in  this  work  was  to  detect  for  the  pump 
geometry  under  consideration  the  magnitude  of  the  apparent 
turbulent  shear  stress  for  different  operating  conditions 
(rotational  speed  and  flow  rate)  of  the  pump.  The  areas  where 
the  highest  shear  forces  occur  and  possible  ways  to  reduce  the 
stress  for  the  fluids  and  their  ingredients  should  be  found.  This 
shall  lead  to  an  optimization  of  this  pump  system  for  the 
transportation  of  shear  sensitive  media. 

Fig.  3  shows  the  absolute  value  of  the  measured  Reynolds 
stress  It,!  on  a  straight  line  in  the  midheight  of  the  blades  from 
points  near  the  blades  inlet  edge  (r  =  40mm)  to  the  casing 
(r  =  1 02  mm).  The  "toroidal  area"  describes  the  gap  between 


Fig.  5  Turbulent  shear  stress  T,  in  the  pump  (a  =  0°) 
Comparison  of  throttling  control  and  speed  control. 


the  impeller  and  the  casing  wall  (In  Fig.  1  referred  to  as  1).  In 
this  graph,  the  measurement  data  is  averaged  over  the  whole 
perimeter  and  is  not  resolved  according  to  the  angular  position 
of  the  impeller  (probe  position  a=  0°).  The  three  curves  refer 
to  three  different  operating  conditions  of  the  pump:  two  lines 
at  a  standard  rotational  speed  of  n  =  1450  rpm,  but  at  different 
flow  rates  of  V  =  16mVh  (head  H  =  2.8m)  and,  with  the 
throttle  closed,  5  mVh  (H  =  5.4  m).  That  refers  to  a  dimension¬ 
less  delivery  coefficient 
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of  <p  =  0.055  and  (p  =  0.017  respectively.  Another  possibility 
to  operate  the  pump  at  the  reduced  flow  rate  is  the  adjustment 
of  the  impeller  speed  to  about  n=480rpm,  indicated  in  the 
third  line  ((p  =  0.049).  For  every  measuring  point,  10000 
samples  have  been  collected. 

At  1450  rpm  and  K=16  mYh  ,  the  turbulent  shear  stress 
has  values  below  t,  =  100  Pa  inside  the  impeller,  with  a  slight 
increase  at  the  inlet  edge,  where  the  fluid  has  to  change  its 
flow  direction  by  90°.  But  the  highest  values  occur  in  the 
coupling  zone  where  the  accelerated  fluid  leaves  the  impeller 
{v=9m/s)  and  enters  the  comparatively  slow  flow 
( v=5  m/s  )  in  the  toroidal  casing.  With  a  reduced  flow  rate 
due  to  throttling  control  (1450  rpm,  V=5  m’/h  ),  the  pump  is 
operated  at  part-load  conditions  and  the  efficiency  of  the 
pump  decreases.  This  results  in  higher  shear  forces  in  the  im¬ 
peller  and  especially  in  the  coupling  zone.  The  fluid  velocity 
in  the  casing  decreases  (  v  =  4  m/s )  because  of  the  lower  flow 
rate,  and  due  to  the  higher  relative  velocities  of  impeller  and 
casing  flow,  the  turbulent  shear  stress  reaches  values  above 
t|  =  300  Pa  (Tu  =  50  %).  In  the  case  of  the  speed  controlled 
pump,  the  velocity  difference  of  impeller  and  casing  flow 
becomes  smaller  and  this  can  be  observed  at  the  much  lower 
values  of  the  Reynolds  stress,  too. 


Fig.  6  Turbulent  shear  stress  t,  contours  and  relative  velocities 
in  the  impeller  passage  (a  =  45°,  tp  =  0.055). 

A  detailed  presentation  of  the  shear  stress  conditions  and 
the  relative  velocities  in  the  passages  of  the  impeller  is  given 
in  Fig.  6  and  Fig.  7  (here  measured  at  an  angle  of  a  =  45°).  As 
mentioned  above,  a  fixed  laser  probe  and  a  shaft  encoder  for 
the  angular  resolution  were  used.  All  measuring  points  on  one 
radius  in  these  graphs  are  therefore  sampled  at  the  same  point 
inside  the  pump  (with  respect  to  the  casing),  but  distributed 


along  an  arc  for  the  graphics.  In  this  kind  of  graphics,  the  data 
shows  more  a  resolution  in  time,  relative  to  the  preceding 
blade,  than  in  space. 

The  shear  stress  contours  again  show  the  effect  of  the 
slow  casing  flow  which  evokes  high  values  at  the  edge  of  the 
impeller.  But  areas  alongside  the  blades  with  high  turbulent 
shear  forces  were  found,  too.  For  example,  an  area  of  separa¬ 
tion  is  visible  at  the  suction  side  of  the  blade  close  to  the  inlet. 
But  for  the  main  flow  in  the  passage,  x,  is  below  100  Pa 
(Fig.  6).  In  case  of  the  throttling-control  to  5  m’/h,  the  area  of 
high  shear  forces  at  the  border  of  the  impeller  enlarges,  and 
the  maximum  of  x,  and  of  the  shear  stress  value  in  the  main 
flow  increases.  Tliis  is  due  to  an  operation  of  the  pump  at  part¬ 
load  conditions  and  low  efficiency  (Fig.  7). 

All  results  above  refer  to  a  mid-height  plane  of  the  blades 
with  a  distance  from  the  front  cover  of  z  =  9  mm.  In  Fig.  9  the 
circumferential  velocities  inside  the  impeller  and  the  casing  at 
different  depths  of  the  blades  is  presented.  At  the  inlet  of  the 
blades,  where  the  axial  entering  fluid  is  forced  to  change  its 
direction  by  90°  (mean  velocity  in  the  pipe  just  before  the 
pump  is  v  =  7  m/s ),  the  flow  does  not  follow  the  blades  close 
to  the  bottom.  High  velocities,  even  higher  than  the  circum¬ 
ferential  velocity  of  the  blades,  were  measured  to  a  depth 
z  =  7  mm,  but  were  significantly  lower  for  parts  closer  to  the 
bottom.  This  seems  to  be  an  effect  of  bad  suction  conditions 
because  of  a  small  inlet  pipe  upstream  of  the  pump.  This  size 
was  chosen  to  improve  the  accessibility  for  the  laser-probe. 

With  increasing  radial  position,  the  flow  gets  more  and 
more  distributed  over  the  whole  cross  section  of  the  passage. 
Near  the  outlet  edge  of  the  impeller  (r  >  63  mm)  the  same 
mean  velocity  was  measured  over  the  whole  channel. 


Fig.  7  Turbulent  shear  stress  x,  contours  and  relative  velocities 
in  the  impeller  passage  (a  =  45°,  (p  =  0.017). 


In  the  toroidal  area  of  the  casing  close  to  the  impeller,  the 
fluid  becomes  decelerated  to  the  mean  velocity  of  the  rotating 
main  fluid  in  the  casing  v=5  m/s  and  the  velocity  gradients 
become  steeper  if  positions  closer  to  the  bottom  of  the  im¬ 
peller  are  reached.  Because  there  is  still  a  length  of  about 
65  mm  from  the  bottom  of  the  impeller  to  the  backside  of  the 
casing  (Fig.  1),  there  is  a  lot  of  slowly  rotating  fluid  that 
decelerates  the  fast  fluid  leaving  the  impeller.  The  lines  at 
z  =  (23  and  27)  mm  refer  to  positions  in  the  casing  behind  the 
impeller. 

In  Fig.  8  the  turbulent  shear  stress  in  a  section  through 
the  casing  at  a  =  45®  is  shown  from  the  front  cover  to  points 
behind  the  impeller.  Clearly  visible  are  the  areas  where  high 
velocity  gradients  occur  next  to  the  impeller.  Again,  the 
highest  shear  stress  is  measured  where  the  fast  flow  leaving 
the  impeller  is  rapidly  decelerated  close  to  the  bottom  of  the 
impeller. 


Fig.  8  Absolute  circumferential  velocity  at  different  depths 
of  the  impeller,  (a  =  0°,  tp  =  0.055). 


5  CONCLUSIONS 

In  this  work  velocity  and  shear  stress  profiles  in  a  radial  cen¬ 
trifugal  pump  of  standard  industrial  design  have  been  shown. 
They  have  been  investigated  inside  the  impeller  and  the  casing 
for  different  operating  conditions  of  the  pump.  The  highest 
shear  forces  were  detected  in  the  coupling  zone  where  the 
accelerated  flow  leaving  the  impeller  hits  comparatively  slow 
flow  regimes  in  the  casing.  These  areas  of  high  shear  stress 
conditions  enlarge,  if  the  pump  is  operated  at  part  load  condi¬ 
tions  and  low  efficiency. 

It  is  a  typical  problem  in  industrial  applications  that  one  pump 
with  a  certain  rotational  speed  is  used  for  various  flow  rates. 
One  main  task  was  to  evaluate  the  effect  of  obtaining  a  certain 
flow  rate  by  means  of  throttling  control  or  speed  control.  The 
examinations  showed  that  a  reduced  impeller  speed  and  there¬ 
fore  lower  velocity  gradients  between  impeller-  and  casing 
flow  lead  to  a  great  reduction  of  the  turbulent  shear  stress  in 
the  pump.  For  shear  sensitive  media,  speed  controlled  pumps 
should  therefore  be  preferred  to  reduce  the  damage  to  the 


E 

E 


40 


T 


ItI  /  Pa 


1000 

800 

600 

400 

200 

0 


n  =  1450  rpm 
V=  16m^/h 
a  =  45  Deg. 


radius  r/  mm 


Fig.  9  Turbulent  shear  stress  T,  contours  in  the  toroidal  area 
beside  and  behind  the  impeller  (a  =  45°,  tp  =  0.055). 


fluids  or  their  contents.  Of  course  it  must  not  be  forgotten  that 
the  head  of  the  pump  decreases  with  the  rotational  speed  n  to 
the  power  of  two.  It  has  to  be  assured  that  the  operating  point 
of  the  pump  at  reduced  speed  has  still  to  fit  the  requirements 
of  the  plant. 

All  investigations  presented  in  this  paper  have  been 
carried  out  with  one  pump  and  impeller  geometry.  Further 
investigations  with  other  impeller  types  (closed  impellers, 
number  and  geometry  of  the  blades)  and  casings  have  already 
been  started.  This  shall  lead  to  the  optimization  of  centrifugal 
pumps  for  the  transport  of  shear  sensitive  media. 
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ABSTRACT 

For  improving  the  design  of  radial  turbomachines  there 
is  a  great  interest  to  understand  the  flowfield  in  impeller 
and  casing.  The  paper  shows  the  first  results  of 
measurements  of  velocity  distribution  in  a  purpose  made 
centrifugal  pump  of  plexiglass  by  particle  image 
displacement  velocimetry  (PIDV). 


1.  EXPERIMENTAL  TECHNIQUE 

PIDV  is  a  whole  field  method,  which  allows  the 
measurement  of  a  two  dimensional  velocity  field  at  one 
time.  For  this  a  slice  of  seeded  flow  field  is  double 
illuminated  by  a  pulsed  laser.  The  images  of  the  particles 
are  captured  by  a  CCD-recorder  placed  at  right  angle  to 
the  light  sheet.  Using  correlation  techniques  a ,  vector 
velocity  map  is  formed  by  calculating  the  displacement  of 
particles  in  the  time  between  two  laser  flashes. 


For  our  measurements  we  used  the  DANTEC  FlowMap 
System  with  a  double  pulsed  Nd:YAG  laser  with  a 
wavelength  of  532  nm  and  an  output  energie  of 
200  mJ/pulse.  A  flexible  light  guide  with  a  cylindrical  lens 
at  its  end  brings  the  pulsed  laser  light  sheet  with  about 
1  mm  thickness  savely  in  the  test  pump.  Images  of  the 
particles  in  the  flow  are  captured  by  a  CCD-recorder  with 
a  resolution  of  1024  x  1024  pixels.  Fig.  1  shows  the  test 
stand  schematically.  We  got  the  best  results  by  seeding  the 
flow  with  hollow  glass  spheres  of  10  pm  diameter  and 
with  the  same  density  as  water. 

Because  of  the  two  dimensional  light  sheet  and  in  order 
to  avoid  problems  in  capturing  the  images  and  in 
calculatmg  the  scale  we  used  an  especially  made  test 
pump.  Impeller  and  volute  were  produced  of  plane  plates 
of  plexiglass.  The  vanes  of  impeller  are  cylindrical  curved, 
therefore  the  impeller  flow  becomes  approximately  two 
dimensional.  The  diameter  of  the  impeller  is  250  mm  and 
its  speed  is  600  rpm.  The  pump  has  a  purpose  constructed 
inlet,  malfina  it  possible  to  see  the  whole  impeller  through 
its  back  shroud  (Fig.  2). 


CCD  camera 


Fig.  1  Test  stand 


acrylglass  test  pump 


positioning  device 


Fig.  3  Experimental  arrangement 


reproduced.  The  CCD-camera  must  be  focused  to  the  light 
sheet  inside  the  pump.  If  that  was  done  both  the  light  sheet 
optic  and  the  CCD-camera  computer  controlled  can  be 
moved  together  in  z-direction  without  changing  the 
distance  between  them.  So  it  is  possible  with  this  light 
sheet  tomographie  to  study  the  flow  field  in  the  test  pump 
between  front  shroud  and  back  shroud.  An  important 
condition  is  that  the  flow  field  in  each  light  sheet  is  two 
dimensional  (no  z-componente  of  velocity)  so  that  the 
particles  in  the  time  between  the  two  light  flashes  can  not 
leave  the  Light  sheet  of  only  1  mm  thickness. 

The  intention  of  this  teststand  is  both,  to  study  the 
flow  inside  the  pump  in  order  to  verify  modem  codes  of 
flow  calculation  and  to  study  the  interaction  between 
impeller  and  volute  especially  at  off  design  mass  flow  too. 
We  assume,  that  our  results  found  in  a  two  dimensional 
flow  field  can  be  converted  on  to  a  three  dimensional 
velocity  field,  too. 

In  addition,  this  teststand  is  also  design  to  measure  two 
phase  flow  (water-gas)  and  cavitation  phenomena. 


2.  FIRST  RESULTS 


Fig.  2  Test  pump 


For  moving  the  CCD-camera  and  the  light  sheet  in 
three  directions  (x,  y,  z)  there  are  two  computer  controlled 
positioning  devices  (Fig.  3).  So  the  light  sheet  can 
illuminate  the  test  pump  from  the  upper  side  or  from  the 
right  side  by  changing  the  y-position,  or  it  illuminates  a 
slice  of  the  whole  pump  (great  x-position)  or  only  a  little 
cross  section  .  The  movement  of  the  CCD-c^era  in 
z-direction  is  limited  by  focusing.  In  its  nearest  position  to 
the  pump  a  flow  field  of 40x40  mm  in  size  can  be 


To  study  the  flow  inside  of  the  impeller  at  first  the 
lightsheet  was  positioned  normal  to  the  shaft  of  the  pump 
in  the  middle  between  the  back  shroud  and  the  front 
shroud  of  the  impeller.  Fig.  4  shows  a  typical  image  of  a 
part  of  the  rotor  gained  by  CCD-camera.  You  can  see  two 
vanes  and  the  double  illuminated  particles  in  the  flow.  The 
rotation  of  the  rotor  is  anticlockwise.  The  black  shaddow 
at  the  inlet  of  the  middle  vane  shows  the  direction  of  the 
laser  light.  At  the  upper  comer  on  the  left  side  of  the 
picture  you  see  a  little  piece  of  the  tongue  of  the  volute. 
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Fig.  4  Image  of  the  invested  part  of  the  rotor 
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Fig.  5  Vector  map  of  absolute  velocity 


The  vector  map  of  velocity  calculated  by 
autocorrelation  technique  is  shown  in  Fig.  5.  Scattering 
light  at  the  surfaces  of  plexiglass  causes  the  defect  of 
vectors  near  the  vanes  and  near  the  circumference  of  the 
rotor.  Later  on  we  hope  to  avoid  this  by  painting  black 
color  on  the  critical  points.  By  PIDV  you  can  only  measure 
the  absolute  velocity  c  .  But  inside  of  the  impeller  it  is 
more  descriptive  to  know  the  relative  velocity  with  regard 
to  impeller  vanes.  Therefore  it  is  necessary  to  compute  the 
relative  velocity  w  in  the  impeller  blade  chaimel  by 
addition  of  the  vector  c  and  the  vector  u  of  the 
circumferential  speed.  At  Fig.  6  you  see  the  flow  velocity 
relative  to  the  rotor  inside  of  the  impeller  and  the  absolute 
velocity  outside  of  the  impeller. 


The  flow  field  of  the  relative  velocity  looks  like  there 
is  no  shockless  entrance  flow  to  the  impeller  vanes.  There 
may  be  different  reasons  for  that.  At  first  Fig.  6  shows  that 
the  flow  at  the  impeller  inlet  is  not  iirotational  as  assumed 
for  calculation  of  the  pump,  but  there  is  a  prerotation.  So 
the  angel  of  relative  velocity  becomes  greater  than  the 
inlet  angel  of  the  impeller  vanes. 

A  second  reason  may  be  the  influence  of  the  volute  and 
its  tongue  to  the  impeller  flow.  If  the  dimensions  of  the 
casing  are  correct  at  the  design  capacity  the  pressure 
distribution  around  the  outlet  of  the  impeller  is  rotationally 
symmetrical.  Therefore  the  flow  between  two  vanes  and 
the  capacity  of  this  channel  must  be  unchanged  while  one 
revolution  of  the  rotor.  For  studying  the  flow  in  the 
channel  and  for  nearly  calculation  of  its  capacity  there 
were  made  additional  images  with  a  light  sheet  near  the 
front  shroud  and  an  other  sheet  near  the  back  shroud  of  the 
impeller.  So  it  is  possible  to  calculate  the  radial 
componente  of  velocity  on  a  cross  section  at  r  =  const 
between  front  shroud  and  back  shroud  and  between  two 
vanes. 
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Fig.  7  Radial  velocity  c,  on  a  cross  section  of  a  impeller 
channel  at  r  =const=\20mm 


(Fig.  7)  shows  the  graet  differences  of  c,  across  the  area 
of  channel.  Integrating  the  radial  velocity  into  this  area  we 
got  the  flow  rate  of  the  channel.  If  all  6  channels  would 
have  the  same  flow  rate  the  pump  capacity  must  be 
sixtimes  this  flow  rate.  For  the  measured  pump  capacity 
was  greater  than  that,  there  must  be  an  unsymmetrical 
pressure  distribution  in  the  volute  around  the  impeller 
which  influences  the  operation  point  of  the  impeller 
channels  while  one  revolution.  Therefore  the  chaimel  was 
measured  in  three  different  positions  relativ  to  the  tongue 
of  the  volute.  The  positions  of  the  left  vane  exit  were:  at 
the  tongue,  23  degrees  before  and  40  degrees  before 
(Fig.  8).  You  see  the  influence  of  the  volute  to  the  flow 
pattern  inside  of  the  impeller.  Later  on  this  phenomena 
will  be  investigated  more  precisely.  The  classical 
streamline  theory  of  turbopumps  assumes,  that  the 
direction  of  relativ  velocity  is  the  same  as  the  vane 
direction.  Only  near  the  exit  is  a  difference  caused  by  the 
so  called  slip  factor.  Fig.  9  shows  the  vectors  of  the  relativ 
velocity  along  three  vane  congruent  lines  from  entrance  to 
outlet  of  the  impeller.  You  see,  that  the  direction  of  relativ 
velocity  is  only  along  short  distances  the  same  as  that  of 
vanes.  Later  on  we  will  study  how  that  will  be  influenced 
by  the  flow  rate  of  the  channel.  For  important  is  not  the 
flow  rate  of  the  pumps  but  the  flow  rate  of  the  channel. 


Fig.  8  Impeller  flow  pattern  in  three  different  positions 
relativ  to  the  tongue  of  volute 
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Fig.  9  Relativ  velocity  along  vane  congruent  lines  from 
impeller  inlet  to  outlet 


3.  SUMMARY 

The  first  results  of  measurements  of  velocity 
distribution  in  a  centrifugal  pump  by  particle  image 
displacement  velocimetry  (PIDV)  was  shown.  For  the 
condition  of  two  dimensional  flow  pattern  there  must  be  a 
purpose  made  pump  with  transparent  parts.  By  PBDV  you 
get  the  absolut  velocity  field  on  a  light  sheet  inside  the 
pump.  By  light  sheet  tomography  it  is  possible  to  study 
the  flow  field  in  greater  cross  sections.  First  exarhpels  of 
matematical  postprocessing  show  how  to  calculate 
quantitativ  results  for  valuation  the  vector  maps. 

For  interpretation  of  PIDV  measurements  you  must 
notice,  that  the  images  are  ordy  a  snapshot  of  unsteady 
velocities. 

In  next  time  therefore  we  will  improve  the 
mathematical  postprocessing  especially  for  flow 
investigations  in  turfaopumps  in  order  to  verify  modem 
codes  of  flow  calculation. 

The  investigations  are  sponsored  by  Deutsche 
Forschungsgemeinschaft  (DFG)  Bonn. 
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ABSTRACT 

Detailed  angle  resolved  measurements  of  the  mean  and 
rms  velocities  were  carried  out  in  a  stirred  vessel  driven 
by  a  low  power  hyperboloid  impeller  with  8  shear  ribs 
and  48  transport  ribs  at  1/10**’  clearance  from  the  bottom 
of  the  vessel. 

In  the  turbulent  flow  regime  the  hyperboloid  stirrer 
required  only  one  fifth  of  the  energy  of  more 
conventional  agitators.  In  most  in  the  vessel  the  fluid 
was  found  to  flow  axially  downwards,  with  a  velocity  of 
around  5%  of  the  tip  velocity,  and  it  raised  close  to  the 
vessel  walls  reaching  a  maximum  velocity  of  15%  of  the 
tip  velocity. 

The  turbulence  was  isotropic,  with  normalised  rms 
values  of  2%  in  the  core  of  the  vessel  and  growing  up  to 
4%  as  the  wall  was  approached.  Flow  periodicity  was 
detected  only  at  the  vicinity  of  the  impeller,  in  a  region 
representing  less  than  5%  of  the  whole  volume  of  the 
tank,  with  rms  velocities  reaching  maxima  of  15%  of  the 
tip  velocity. 


1.  INTRODUCTION 

The  search  for  energy  savings  and  increased 
performance  in  stirred  vessels  has  lead  to  the 
development  of  new  impeller  shapes,  as  is  the  case  of  the 
low  power  hyperboloid  stirrer  developed  by  Hofken  et  al 
(1991),  a  device  that  was  designed  for  mixing  sludges 
where  the  nitrification  and  oxigenation  are  important 
steps  of  the  bacteriological  digestion  process. 

The  assessment  of  the  quality  of  a  mixing  process 
requires  a  detailed  knowledge  of  the  flow  characteristics 
within  the  stirred  vessel  and  the  quantification  of  some 
parameters,  such  as  the  local  energy  dissipation  rate. 
Such  information  is  especially  important  in  the  vicinity 
of  the  impeller,  as  shown  by  the  research  carried  out  over 
the  years  around  the  conventional  Rushton  impeller  by 
Cutter  (1966),  Mujumdar  et  al  (1987)  and  Laufhutte  and 
Mersmann  (1985)  amongst  others,  and  are  required,  for 
instance,  for  the  proper  development  of  computer  codes. 

Reed  et  al  (1977)  and  Popiolek  et  al  (1987)  have 
measured  the  radial  jet  coming  out  of  the  Rushton 
impeller  plane,  colliding  with  the  vessel  wall  and 
forming  two  wall  jets.  The  latter  authors  characterised  the 
large  vortical  structures  coming  out  from  behind  the 
impeller  blades  into  the  bulk  flow,  above  and  below  the 


impeller  disc,  with  their  angle-resolved  measurements 
and  have  shown  that  not  considering  this  flow 
periodicity  would  overpredict  turbulent  quantities  by  as 
much  as  400%.  The  interaction  between  turbulence  and 
the  kinetics  of  aggregates  in  vessels  stirred  by  Rushton 
turbines  was  investigated  by  Kusters  (1991).  Other 
investigations  on  the  two-  phase  flow  behaviour  of  the 
Rushton  stirred  vessel  flow  were  those  of  Nouri  and 
Whitelaw  (1992). 

Other  standard  impeller  geometries,  such  as  the 
pitched  blade  impeller,  were  also  thoroughly 
investigated,  as  by  Hockey  (1990).  He  analysed  in  detail 
the  flow  characteristics  of  Newtonian  and  weakly  elastic 
non-  Newtonian  fluids  and  quantified  the  distribution  of 
the  inputed  energy  into  its  various  components,  as  a 
function  of  fluid  rheology  and  impeller  type. 

Similar  studies  must  obviously  be  performed  with  the 
new  type  of  agitator,  if  it  is  to  be  well  understood.  Nouri 
and  Whitelaw  (1994)  carried  out  some  detailed  velocity 
measurements  with  the  hyperboloid  impeller  at  the 
standard  configuration  of  1/3  clearance  from  the  bottom, 
and  conducted  an  overall  assessment  of  the  flow 
characteristics  as  a  function  of  the  impeller  size  and 
clearance.  Their  impeller  included  8  shear  ribs  on  the 
agitator  upper  surface,  and  they  concluded  that  in  terms  of 
particle  suspension  effectiveness,  the  I/IO'**  clearance 
impeller  performed  better  than  the  1/3  clearance  impeller. 
The  measured  power  consumption  of  the  hyperboloid 
stirrer  was  at  least  20  times  lower  than  that  of  the 
Rushton  impeller,  although  its  Zwietering  parameter  was 
not  so  good.  They  demonstrated  the  advantage  of 
mounting  the  impeller  close  to  the  bottom,  with  a  I/IO*** 
clearance,  but  did  not  investigate  in  detail  the  flow 
characteristics  of  the  hyperboloid  stirrer  with  this  low 
clearance,  rather  with  the  typical  1/3  clearance  of 
conventional  stirrers. 

Some  mixing  processes  require  aeration,  which  for 
this  impeller  is  usually  introduced  from  its  conical 
bottom  surface,  Hofken  et  al  (1991).  Their  investigations 
on  aerated  systems  led  to  an  improved  design  of  the 
impeller,  with  the  incorporation  of  48  transport  ribs  at 
the  edge  of  the  bottom  surface,  necessary  for  breaking  up 
the  gas  bubbles.  An  efficient  aeration  from  below  the 
impeller  also  required  it  to  be  located  close  to  the  bottom 
of  the  vessel,  in  order  to  aerate  the  whole  flow.  So,  for  a 
number  of  reasons  the  1/1 0***  clearance  seems  to  be  more 
adequate  than  other  configurations  and  should  be  the 
object  of  research. 
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The  objective  of  this  work  is  the  characterization  of 
some  of  the  mean  and  turbulent  flow  features  in  the  stirred 
vessel  powered  by  this  low  clearance  hyperboloid 
agitator,  having  both  the  shear  and  transport  ribs. 

In  the  next  section,  the  experimental  facility,  the 
instrumentation  and  the  measuring  programme  are 
described.  This  will  be  followed  by  the  presentation  of 
the  results  and  its  discussion,  and  the  paper  will  end  with 
a  summary  of  the  main  conclusions. 


2.  EXPERIMENTAL  RIG 

The  stirred  vessel  had  a  diameter  of  292  mm  and  the 
fluid  height  to  vessel  diameter  ratio  (H/T)  was  equal  to  1. 
The  hyperboloid  stirrer  was  close  to  the  bottom,  at  a 
clearance  to  vessel  diameter  ratio  (C/T)  of  1/10  and  its 
diameter  was  equal  to  100  mm,  roughly  corresponding  to 
1/3  that  of  the  vessel  diameter. 

The  vessel  was  mounted  inside  a  square  trough  filled 
with  the  same  liquid,  in  order  to  reduce  optical  refractions 
and  help  maintain  a  constant  temperature  in  the  bath,  and 
the  trough  standed  directly  on  top  of  a  3-D  milling  table 
for  easy  traversing. 

Four  25  mm  wide  and  4  mm  thick  baffles  were  mounted 
inside  of  the  tank,  at  90°  intervals,  to  avoid  solid-  body 
rotation  of  the  fluid.  They  were  not  directly  attached  to 
the  vessel  wall,  but  were  fixed  to  small  triangular 
connectors,  which  separated  them  by  6  mm  from  the  wall, 
thus  eliminating  the  dead  zones  normally  appearing 
behind  the  baffles.  The  bottom  of  the  tank  was  flat  and 
had  a  bearing  embedded  to  support  the  drive  shaft.  A 
schematic  representation  of  the  vessel  and  the  coordinate 
system  used  throughout  this  paper  are  shown  in  figure  1 . 

The  hyperboloid  stirrer  was  provided  by  Invent 
GmbH,  according  to  its  patented  design  and  had  8 
transport  and  48  shear  ribs  on  its  top  and  bottom 
surfaces,  respectively.  The  transport  and  shear  ribs  are 
small  rectangles  welded  to  the  impeller  surface  at  regular 
intervals,  along  their  longer  dimension.  The  transport 
ribs  were  5.9  mm  by  3.6  mm  in  shape  and  were  mounted 
every  5°,  and  the  shear  ribs  were  10  mm  by  3.8  mm,  and 
were  mounted  every  45°.  The  ribs  were  not  aligned  along 


Figure  1-  Representation  of  the  stirred  vessel  and  of  the 
coordinate  system. 


diametral  planes  of  the  impeller,  but  had  a 
45°  inclination  in  the  horizontal  plane.  The  construction 
was  not  perfect  and  there  were  rib  to  rib  differences, 
especially  with  the  transport  ribs.  More  details  on  the 
construction  can  be  found  in  Hofken  and  Bischof  (1993). 
The  stirrer  was  driven  by  a  600  W  DC  Servomotor 
controlled  by  a  variable  power  supply  unit,  and  the  speed 
could  be  kept  constant  within  1  rpm,  which  corresponded 
to  an  uncertainty  of  less  than  0.5%. 

A  one  component  Laser-  Doppler  anemometer  from 
Dantec  was  used  in  forward  scatter,  whenever  possible  and 
in  backscatter  otherwise.  The  beam  from  the  100  mW  Ar- 
ion  laser,  operating  in  multimode,  passed  through  a  series 
of  optical  elements  before  the  Bragg  cell,  where  a 
frequency  shift  of  0.6  MHz  was  imposed.  To  improve  the 
alignment  of  the  optics  and  reduce  the  size  of  the  control 
volume,  a  pinhole  section  and  beam  expander,  with  an 
expansion  factor  of  1.95,  were  put  before  the  600  mm 
front  lens. 

The  scattered  light  was  collected  by  the 
photomultiplier  (PM)  before  which  stood  an  interference 
filter  of  514.5  nm.  The  signal  from  the  PM  was  processed 
by  a  TSI  1990  C  counter  operating  in  the  single 
measurement  per  burst  mode,  with  a  frequency  validation 
setting  of  1%  with  10/16  cycle  comparison,  after  being 
band-  pass  filtered.  A  1400  Dostek  card  interfaced  the 
counter  with  a  80486  based  computer,  which  provided  all 
the  statistical  quantities,  via  a  purpose  built  software. 

For  the  angle  resolved  measurements,  a  mechanical 
encoder  mounted  on  the  shaft  of  the  hyperboloid  and 
connected  to  the  counter,  was  used  to  discriminate  the 
velocity  measurements  in  1°  windows. 

Due  to  the  low  velocities  and  high  turbulence  of  this 
type  of  flows  and  in  order  to  reduce  the  measuring 
uncertainties,  a  sample  size  of  30,000  realizations  was 
selected  for  measurements  taken  far  from  the  impeller, 
where  the  flow  was  not  angle  dependent.  Close  to  the 
impeller,  a  total  sample  of  600,000  events  was  used,  thus 
defining  an  average  sample  size  of  more  than  1650 
points  per  degree.  In  this  region,  weight  average  values 
of  the  mean  and  rms  velocities  were  also  calculated  from 
the  1°  angle-resolved  data,  to  allow  a  proper  visualisation 
of  the  mean  flow  field.  These  weight-average  mean  and 
rms  values  were  calculated  using  equations  1  and  2, 
respectively. 

360 
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where  Ue,  u'^e  ^nd  N9  represent  local  angle-  resolved 

values  of  the  mean  velocity,  variance  of  the  velocity  and 
sample  size,  respectively. 

Table  1  lists  the  main  characteristics  of  the  LDA 
system,  and  an  assessment  of  the  various  contributions 
to  the  overall  uncertainty  of  the  mean  and  rms  velocities 
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Table  1-  Main  characteristics  of  the  Laser-  Doppler 
anemometer  in  air  at  e~^  intensity. 


Laser  wavelength 

514.5  nm 

Measured  half  angle  of  beams  in  air 

3.65° 

Dimensions  of  measuring  volume  in  air 

major  axis 

2.53  mm 

minor  axis 

162  p.m 

Fringe  spacing 

4.041  pm 

Freouencv  shift 

0.6  MHz 

gave  the  following  results:  for  the  360°  ensemble  average 
measurements  taken  far  from  the  impeller,  the  overall 
uncertainty  of  the  mean  velocity  is  thus  less  than  1.2% 
for  a  100%  turbulence  intensity  and  of  about  5%  for  the 
rms  velocity,  in  regions  of  high  turbulence.  Close  to  the 
agitator,  with  the  average  sample  size  of  1650  points  per 
degree,  the  overall  uncertainty  was  less  than  3.5%  and  5% 
for  the  mean  and  rms  velocities,  respectively,  also  under 
conditions  of  100%  turbulence  intensity. 


3.  RESULTS  AND  DISCUSSION 

Figure  2  compares  the  power  consumption  of  the 
hyperboloid  stirrer  with  that  of  the  Rushton  and  pitched 
blade  impellers,  over  the  laminar  and  turbulent  flow 
regimes.  There  is  a  clear  energy  advantage  of  the 
hyperboloid  stirrer  for  Reynolds  numbers  above  50, 
because  of  the  early  transition  to  turbulence  and  flow 
separation  of  the  Rushton  and  pitched  blade  impellers. 
However,  for  lower  Reynolds  numbers  the  flow  is  not 
separated  and  the  hyperboloid  impeller  requires  more 
power,  because  of  the  friction  over  its  larger  surface  area. 
These  observations  are  well  documented  and  explained  in 
Piqueiro  et  al  (1995). 

Most  of  the  current  practical  applications  of  the 
hyperboloid  stirrer  are  for  turbulent  flow  conditions, 
hence  a  Reynolds  number  of  50,000,  where  the  power 
curve  has  stabilised,  was  selected  for  the  detailed  flow 
field  investigation  reported  here. 

Next,  the  mean  flow  characteristics  are  presented  and 
discussed  and  are  followed  by  those  of  the  turbulent  flow 
field.  After  this  overall  picture,  the  paper  moves  on  to 
discuss  the  periodic  flow  near  the  impeller  and  the  bottom 
of  the  vessel.  All  the  velocities  were  normalised  with  the 
impeller  tip  velocity  and  the  values  of  the  radial 
locations  by  the  impeller  radius.  The  axial  coordinate  was 
left  in  [mm],  because  we  felt  it  was  easier  to  visualize  the 
flow  in  this  way.  We  remind  the  reader  that  the  vessel 
height  is  300  mm,  the  impeller  radius  is  50  mm  and  the 
shear  rib  height  is  5  mm. 

The  vertical  cut  through  a  radial  plane  in  figure  3 
shows  a  vector  plot  of  the  mean  axial  and  radial  velocity 
components,  whereas  figures  4  a),  b)  and  c)  and  figures  5 
a),  b)  and  c)  show  radial  profiles  of  the  mean  axial,  radial 
and  tangential  velocity  components.  These  figures  were 
made  from  the  measured  360°  ensemble-average  data  taken 
far  from  the  impeller  and  weighted  averages  calculated 
from  the  angle  resolved  measurements  close  to  the 
impeller. 

The  flow  is  predominantly  a  downward  axial  flow, 
with  an  average  magnitude  of  about  5%  of  the  tip 
velocity,  occupying  over  70%  of  the  radius  of  the  vessel. 
Then,  mass  conservation  requires  a  rather  strong  upwards 


Figure  2-  Newton  number  versus  Reynolds  number  for 
H/T=l  and  D/T=l/3.  Comparison  with  the  literature.  This 
work:  O  hyperboloid;  A  Rushton.  From  Hockey  (1990):  A 
Rushton  and  +  Ditched  blade. 


axial  flow  close  to  the  vessel  side  wall,  reaching  a 
maximum  of  15%  of  the  tip  velocity.  Near  the  tip  of  the 
impeller,  the  long  vectors  show  that  the  velocities  are 
very  intense  because  the  flow  is  being  pushed  directly  by 
the  ribs. 

A  radial  velocity  component  is  acquired  only  very 
close  to  the  impeller  surface,  and  especially  at  the  bottom 
of  the  vessel.  On  the  upper  half  of  the  vessel  (z>  +140 
mm)  the  fluid  moves  slowly  towards  the  shaft,  with  a 
magnitude  of  about  2%  of  the  tip  velocity,  whereas  the 
outwards  radial  flow  between  z=  +20  to  z=+90  mm  is  also 
of  about  2%  of  the  tip  velocity.  Further  down,  close  to 
the  bottom,  in  a  region  also  influenced  by  the  agitator, 
the  radial  velocities  are  higher  than  above,  reaching 
maximum  values  of  about  10%  of  the  tip  velocity,  and  at 
the  impeller,  where  the  fluid  is  being  pushed  by  the  shear 
ribs,  of  20  to  30%  of  the  tip  velocity. 

The  vortex  defined  by  the  circulating  flow  pattern  just 
described  is  centred  at  around  r/R  =  2.4  and  z/R  =  1.75. 

Close  to  the  free  surface  (z>  +190  mm),  but  especially 
above  z  =  +240  mm,  the  measured  axial  and  radial 
velocity  components  tend  to  zero,  i.e.,  the  fluid  is  almost 
motionless. 

The  mean  tangential  velocity  component  has 
magnitudes  similar  to  the  mean  radial  velocity 
component,  except  near  the  impeller.  Far  from  the 
agitator  the  fluid  slowly  rotates  in  the  same  direction  of 
the  impeller,  with  magnitudes  between  1  to  4%  of  the  tip 
velocity.  It  is  below  the  impeller  that  the  rotational 
velocities  are  higher  because  of  the  transport  ribs,  but 
they  decrease  very  quickly  with  the  radius,  dropping  from 
over  40%  of  the  tip  velocity  at  r/R=  1.08  to  less  than 
10%  at  r/R=1.4. 

Below  the  impeller  the  rotation  of  the  fluid  is  always 
positive  but  not  above  its  base  plane.  Here,  starting  at 
about  r/R=  1.5  and  up  to  the  vessel  side  wall,  the  fluid 
rotates  in  the  opposite  direction  to  the  impeller,  with  the 
higher  negative  velocity,  of  around  2.5%  of  the  tip 
velocity,  occurring  close  to  the  wall.  This  counter-rota- 
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Figure  3-  Vector  plot  of  the  mean  axial  and  radial  velocity  components  in  a  diametral  vertical  plane  in  the  vicinity  of 
the  bottom  of  the  vessel  and  impeller. 
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Figure  4-  Radial  profiles  of  the  normalised  mean  and  rms  axial  (u),  radial  (v)  and  tangential  (w)  velocity  components  at 
different  heights.  +  z=-5,  x  z=-3,  —  z=-l,  A  z=+l,  0  z=+3,  □  z=+5,  0  z=+7,  A  z=+l  1,  ♦  z=+15. 
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ting  flow  disappears  for  heights  above  60  mm  from  the 
impeller  base  plane,  and  could  be  due  to  the  simultaneous 
influence  of  the  baffles  and  a  low  pressure  created  by  the 
high  speed  jet  at  the  bottom. 

Figures  4d),  e)  and  0  and  figures  5  d),  e)  and  f) 
represent  radial  profiles  of  the  normalised  rms  of  the 
axial,  radial  and  tangential  velocity  components  at 
different  heights.  As  far  as  the  turbulence  is  concerned 
two  different  zones  are  distinguished.  Above  z=+7  mm  the 
turbulence  is  isotropic  and  remains  fairly  constant, 
regardless  of  the  vessel  height,  at  about  2%  of  the  tip 
velocity  in  the  center  of  the  vessel,  growing  to  4%  near 
the  side  walls.This  higher  turbulence  is  due  to  turbulence 
production  on  the  side  wall  jet,  plus  a  contribution  of 
transported  turbulence  by  this  jet,  which  originated  from 
the  high  turbulence  radial  flow  at  the  bottom  of  the 
vessel.  Near  the  free  surface,  the  slow  velocities  reduce 
the  turbulence  to  values  of  about  1  to  1.5%  of  the  tip 
velocity. 

Below  z=+7  mm  the  turbulence  continues  to  be  rather 
isotropic,  but  here  it  is  high  because  of  the  proximity  of 
the  impeller  and  of  the  bottom  of  the  vessel.  At  the 


impeller  the  high  shear  rates  created  by  the  passage  of  the 
ribs  are  an  important  contribution  to  the  production  of 
turbulence,  whereas  at  the  bottom  of  the  vessel  the 
turbulence  is  produced  at  the  boundary-layer  created  by  the 
radial  disharge  jet. 

The  8  shear  ribs  located  above  the  impeller  base  plane 
(z=0)  create  local  flow  reversals  relative  to  the  mean 
vectors  plotted  in  figure  3,  and  a  strong  periodic  flow 
emanates  from  that  region.  However,  this  periodicity  is 
rather  short-  lived  in  comparison  to  that  in  more  typical 
agitators,  such  as  the  Rushton  and  pitched-blade 
impellers  of  Hockey  (1990). 

Note  also,  that  a  strong  radial  flow  does  not  exist  at 
the  impeller  base  plane,  but  below  it.  Unfortunately,  due 
to  difficulties  in  measuring  close  to  the  bottom,  detailed 
velocity  measurements  have  not  yet  been  carried  out  here, 
but  the  increase  in  the  magnitude  of  the  vectors  in  the 
radial  direction  at  the  lowest  measured  horizontal  plane, 
as  one  approaches  the  vessel  side  walls,  suggests  that 
closer  to  the  bottom  the  radial  velocities  could  be  even 
stronger,  with  a  boundary-layer  type  flow  growing  to  the 
outside. 


Figure  5-  Radial  profiles  of  the  normalised  mean  and  rms  axial  (u),  radial  (v)  and  tangential  (w)  velocity  components  at 
different  heights.  +  z=+20,  x  z-+25,  —  z=+40,  A  z=+60,  0  z=+90,  □  z=-t-140,  0  z=+190,  A  z=+240,  ♦  z=-^270. 
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Figure  6  a)  and  b)  Mean  and  rms  radial  velocity  component  at  z=  -3  mm  as  a  function  of  the  angular  position  and  at  radial 
locations:  r/R=  1.08  -X-,  r/R=  1.24  — ,  r/R=  1.4  -A-  and  r/R=  1.76-A-. 


The  most  interesting  flow  features  are  those  near  the 
impeller  tip,  where  the  periodicity  imposed  by  the  shear 
and  transport  ribs  is  felt.  In  terms  of  periodicity  three 
different  flow  patterns  are  identified,  corresponding  to 
three  different  regions,  one  below  the  impeller  base  plane 
and  two  above. 

Below  the  impeller  base  plane,  the  flow  is  affected  by 
both  the  8  shear  ribs  and  the  48  transport  ribs,  with  this 
combination  imparting  a  rather  chaotic  flow  behaviour, 
as  one  of  the  angular  plots  of  figure  6  shows.  This  figure 
presents  four  different  profiles  of  the  radial  velocity 
component  at  four  different  radial  locations  pertaining  to 
the  same  horizontal  plane,  located  below  the  impeller. 
The  eight  major  cycles  at  r/R  =  1 .08  are  disturbed  by  the 
strong  tangential  flow  created  by  the  48  ribs,  which  tend 
to  smooth  out  the  periodicity  imposed  by  the  shear  ribs,  a 
more  clearly  noticed  effect  in  the  rms  velocity  profile 
than  in  the  mean  velocity  profile.  Moving  away  from  the 
impeller  the  effect  of  the  ribs  is  reduced,  so  that  at  r/R= 
1.24  the  eight  cycles  still  exist  with  a  lower  amplitude 
and  especially  with  less  "noise",  from  the  transport  ribs. 

Farther  away  from  the  agitator,  the  reduction  of  the 
flow  periodicity  occurs  through  a  pairing  process,  which 
led  to  the  formation  of  only  four  low-  amplitude  cycles  at 


r/R  =  1.4.  The  curves  pertaining  to  r/R=  1.08  and  1.24  are 
also  seen  to  decay,  on  the  average,  to  values  of  about  5% 
of  the  tip  velocity,  as  we  move  into  a  zone  of  stronger 
axial  flow.  At  a  higher  radius  (r/R  =  1 .76)  the  periodicity 
has  been  reduced  to  a  small  single  cycle,  an  effect  which 
we  attribute  to  the  small  wobbling  of  the  impeller. 

Above  the  impeller  base  plane,  at  the  plane  touching 
the  upper  edge  of  the  shear  ribs,  the  flow  exhibits  a 
strong  eight-  cycle  periodicity,  with  the  observed  cycle 
to  cycle  differences  always  taking  place  at  the  same 
location,  i.e.,  they  seem  to  be  attributed  to  imperfections 
in  the  positioning  of  the  ribs  on  the  impeller  upper 
surface. 

Figure  7  shows  a  typical  360°  angular  profile  with 
such  cycle-to-cycle  differences.  The  eight  measured  cycles 
were  averaged  into  a  single  45°  cycle  and  this  average 
profile  was  reproduced  to  the  full  360°  in  the  figure,  for 
assessing  the  magnitude  of  the  cycle-  to-  cycle 
differences.  These  differences  are  more  intense  in  the  S'** 
and  6'*’  cycle,  and  in  the  rms  of  the  velocity  than  in  the 
mean  velocity,  being  at  most  of  30%  and  20%  in  the 
magnitude,  respectively.  The  stronger  effect  upon  the  rms 
is  expected,  because  of  its  strong  dependence  of  the  shear 


Figure  7  a)  and  b)  Angular  profiles  of  the  mean  and  rms  normalised  radial  velocities  at  z=+  5  mm  and  r/R=  1 .08.  Solid 
line:  measured  profile.  Broken  line:  calculated  average  cycle. 
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rates.  Since  the  amplitudes  of  the  mean  velocity  cycles 
are  large,  slight  imperfections  in  the  construction  change 
the  maximum  shear  rate  and  thus  the  rms  of  the  velocity 
value. 

Close  inspection  of  the  impeller  showed  that  the  6^" 
shear  rib,  located  at  225',  was  slightly  bent  forward  rather 
than  being  perpendicular  to  the  impeller  surface  and  could 
be  responsible  for  the  two  different  cycles  which  stand 
between  180'  and  270'.  The  gentle  wobble  of  the  impeller 
motion  and  other  minor  imperfections  could  then  be 
behind  the  other  smaller  variations. 

In  the  remaining  of  the  paper,  the  description  of  some 
of  the  characteristics  of  the  periodic  flow  is  based  on  the 
calculated  45'  average  cycle  rather  than  on  the  fully 
measured  360°  angular  profile. 


In  figure  8,  angular  profiles  of  the  radial  and  axial 
mean  and  rms  velocity  components,  pertaining  to  points 
at  the  same  radial  location  r/R=  +1.08,  but  to  different 
heights,  below  and  above  the  impeller  base  plane,  are 
plotted.  The  figure  confirms  that  below  the  impeller,  the 
outwards  radial  velocity  is  fairly  constant,  because  of  the 
smoothing  effect  of  the  strong  tangential  flow  induced  by 
the  transport  ribs,  whereas  above  the  agitator  the 
periodicity  is  better  defined. 

The  strong  periodicity  introduced  by  the  shear  ribs  is 
not  only  found  in  the  angle  dependence,  but  also  in  the 
vector  direction.  Comparing  the  mean  velocity  profiles 
pertaining  to  z=  +lmm  (aligned  with  the  root  of  the  rib) 
and  z=+5  (aligned  with  the  upper  edge  of  the  rib)  four  dif- 


Figure  9-  Qualitative  sketch  of  the  radial  and  axial  mean  flow  pattern  close  to  the  ribs,  as  a  function  of  the  angular  location. 
0=  0°  and  0=  45°  are  the  locations  of  consecutive  tips  of  shear  ribs. 
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Figure  10  a)  and  b)  Mean  and  rms  radial  velocity  component  at  r/R=  1.08  (— ),  r/R=  1.24  (A)  and  r/R=  1.4(a)  as  a  function 
of  the  angular  position  at  z=  +5  mm. 


ferent  types  of  behaviour  are  identified,  which  are 
qualitatively  sketched  in  figure  9.  The  flow  has  been 
described  on  average  as  going  down  axially  and  outwards 
radially,  but  close  inspection  of  figure  8  shows  that  in 
between  the  ribs,  there  are  instances  when  the  fluid  flows 
the  other  way  around,  i.e.,  upwards  and  towards  the 
impeller,  rather  than  away  from  it. 

Figure  10  shows  angular  profiles  of  the  normalised 
radial  component  of  the  velocity  at  different  radius  and  at 
a  constant  height  of  z=  +5  mm,  and  together  with  figure  8 
it  allows  the  assessment  of  the  extent  of  the  zone  of 
influence  of  the  rib-  induced  periodicity.  Since  the  flow  is 
on  the  whole  an  axial  downwards  flow,  it  is  not 
surprising  to  observe  that  above  the  impeller  the  region 
affected  by  the  ribs  is  very  limited,  and  that  at  r/R=  1.4 
the  flow  remains  independent  of  the  angle. 

From  data  not  presented  here,  we  observed  that  the 
vertical  influence  was  also  rather  limited  to  about  three 
rib  heights,  i.e.,  at  z=+15  mm  the  periodic  flow  was 
barely  noticed.  Obviously,  considering  the  mean  flow 
patterns  presented  and  discussed  above,  the  region  of 
periodic  flow  below  the  impeller  is  longer,  going  up  to 
about  r/R=  1.76.  Thus,  the  volume  of  fluid  experiencing 
periodic  effects  above  and  below  the  impeller  base  plane 
account  for  less  than  5%  of  the  total  volume  of  the 
vessel. 


4.  CONCLUSIONS 

Detailed  angle-  resolved  measurements  of  all  three 
components  of  the  mean  and  rms  velocities  in  a  stirred 
vessel,  powered  by  a  low  consumption  hyperboloid 
stirrer,  were  carried  out  using  laser-  Doppler  anemometiy, 
after  measurements  of  the  torque  allowed  the  definition  of 
the  power  consumption  curve. 

The  hyperboloid  stirrer  was  found  to  require  only  one 
fifth  of  the  energy  of  conventional  stirrers  (Rushton  and 
pitched  blade)  for  Reynolds  numbers  above  1  000,  but 
was  less  efficient  for  Reynolds  numbers  under  200. 

The  flow  field  was  mainly  axial,  with  a  downwards 
velocity  of  about  5%  of  the  tip  velocity  in  the  central 


part  of  the  tank,  and  a  wall  jet  up  the  side  walls  with  a 
maximum  mean  velocity  of  around  15%  of  the  tip 
velocity.  In  the  same  regions  the  turbulence  was 
isotropic  with  an  intensity  of  about  2%  and  growing  up 
to  4%,  respectively.  The  flow  was  three-dimensional,  but 
quite  uniform  in  all  components,  without  strong  shear 
rates  except  in  the  close  vicinity  of  the  shear  ribs. 
However,  this  and  other  parameters  still  need  to  be 
quantified  for  comparison  with  those  of  conventional 
agitators.  No  dead  zones  were  encountered  within  the 
vessel,  making  this  impeller  adequate  for  applications 
were  a  full  gentle  motion  of  the  fluid,  without  excessive 
local  deformation  rates,  is  required. 

Periodicity  in  the  mean  and  turbulent  flow  fields  was 
limited  to  less  than  5%  of  the  volume  of  the  tank,  and  was 
found  only  close  to  the  impeller  and  at  the  bottom  of  the 
vessel.  The  main  periodicity  was  introduced  by  the  8 
shear  ribs  on  the  upper  surface  of  the  impeller,  whereas 
the  48  transport  ribs  at  its  bottom  surface  were  mainly 
responsible  for  increasing  the  turbulence  at  the  bottom, 
inducing  a  strong  tangential  flow  and  smearing  the 
strong  8-  cycle  periodic  flow,  thus  introducing  a  rather 
chaotic  flow  behaviour.  Within  this  region,  maximum 
values  of  the  rms  velocity  of  around  25%  of  the  tip 
velocity  were  measured. 

Further  analysis  of  the  data  is  required  to  extract 
various  other  useful  quantities  needed  for  assessing  the 
performance  of  this  impeller,  such  as  the  pump  discharge 
coefficient  and  the  distribution  of  the  energy  input  into 
its  various  forms. 
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ABSTRACT 

The  work  at  hand  presents  the  results  obtained 
during  investigations  carried  out  on  a  multifunctional 
stirrer  test  rig  which  was  established  at  the  Department  of 
Fluid  Mechanics  at  the  University  of  Erlangen- 
Nuremberg.  Main  objective  of  the  research  work  was  to 
generate  a  reliable  data  basis  for  the  validation  of 
numerical  simulations  of  the  flow-field  in  stirred  tank 
reactors.  For  the  measurements  advanced  Laser  Doppler 
Velocimetry  including  full  refractive  index  matching  and 
automated  data  acquisition  was  used.  The  flow-field  in 
this  case  was  induced  by  a  Rushton  turbine  which  was 
made  of  transparent  material  in  order  to  create  access  to 
the  important  flow-field  within  the  turbine. 

The  presentation  of  the  large-scale  flow-field 
approves  the  results  known  from  previous  publications, 
however  a  higher  resolution  was  realized.  The  turbulent 
length  scale  L  was' found  to  be  about  half  the  blade 
height.  Maximum  velocities  found  in  the  jet  stream  in  the 
direct  vicinity  of  the  Rushton  turbine  were  up  to  0.85U,ip, 
the  maximum  local  energy  dissipation  rates  were  about 
25  times  higher  than  the  average  energy  dissipation. 

Due  to  the  total  access  to  the  flow-field  also  the 
formation  and  path  of  the  trailing  vortices  was 
determined  in  detail.  These  results  are  shown  graphically 
in  the  paper. 


1  INTRODUCTION 

Stirring  processes  have  always  played  an  important 
role  in  industry.  In  practically  every  branch  of  the 
chemical  industry,  food  industry,  biotechnology  and 
environmental  technology,  stirred  tank  reactors  (STR)  are 
an  important  component  in  processing  plants. 

As  befits  this  importance,  they  were  subjected  to 
comprehensive  experimental  investigations  in  the  past. 
These  often  concerned  the  design  of  stirrers  for  special 
applications  with  the  specific  power  input  at  the  center  of 
the  observations.  Integral  investigations  for  selected 


stirrer/vessel  combinations  were  used  to  derive  stirrer- 
related  scaling  rules  tor  the  design  of  stirrers. 

In  more  recent  times,  the  emphasis  has  been  on 
the  development  of  numerical  computation  techniques 
(CFD)  tor  the  purposes  of  establishing  accurate  and  low- 
cost  design  and  dimensioning  methods  for  stirrers.  These 
are  based  on  finite  volumes,  finite  differences  or  finite 
element  methods  that  can  be  introduced  into  the  basic 
equations  of  fluid  mechanics.  These  methods  can  only  be 
implemented  for  these  tasb,  however  in  conjunction  with 
precise,  detailed  experimental  methods,  which  are 
required  to  validate  the  calculations  and  in  further 
development  the  turbulence  models.  Laser  Doppler 
Velocimetry  (LDV)  was  used  here  almost  exclusively. 

Until  now,  investigations  with  this  measurement 
technique  hove  been  concerned  with  determining  the 
average  velocity  of  flow,  turbulence  variables  and  energy 
dissipation  rates  (e.g.  Patterson  and  Wu  (1985), 
Laufhutte  and  Mersmann  (1 985),  Yianneskis  et  al.  (1987, 
1993,  1994),  Kresta  and  V7ood  (1992)).  Despite  this 
work,  there  is  still  a  lack  of  detailed  data  concerning  the 
flow-field,  partly  because  the  resolution  of  the 
measurements  was  insufficient  for  the  validation  of 
numerical  simulations  of  STR  flows  and  also  because  the 
flow-field  has  never  been  thoroughly  investigated  (e.g. 
within  the  stirrer  elements).  There  is  a  particular  need  for 
a  more  precise  description  of  the  local  energy  dissipation 
throughout  the  STR  because  this  is  the  coupling  variable 
between  fluid  mechanics  and  reaction  technology. 

During  fast  reactions,  mixing  processes  on  a 
molecular  scale  have  to  be  taken  into  account  in  reaction 
technology,  and  are  described  by  so-called  micromixing 
models.  Energy  dissipation  is  one  of  the  basic  variables 
in  these  models,  and  therefore  it  is  essential  to  determine 
pf0cisely  and  reliably  the  distribution  of  this  variable 
throughout  the  STR  using  experimental  methods. 

The  objective  of  this  paper  is  to  present  a  method 
for  obtaining  precise,  detailed  and  comprehensive 
experimental  results  and  to  show  how  they  can  be  used 
for  the  above  mentioned  purposes  through  appropriate 
graphical  presentation.  This  is  described  here  on  the 
basis  of  the  example  of  investigations  on  a  Rushton 
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turbine,  but  the  procedure  described  can  be  applied 
analogously  to  any  type  of  stirrer.  It  is  recommended  that 
this  should  be  carried  out  for  all  types  of  stirrer  in 
common  use  in  order  to  establish  a  secure  basis  for 
numerical  simulation. 

Progress  in  modern  computation  techniques  leads 
to  the  expectation  that  the  computing  power  that  is 
required  for  reliable  calculations  of  flow  in  STR's  will 
soon  be  available.  These  developments  will  be  supported 
by  the  detailed  experiments  discussed  here. 

2  EXPERIMENTAL 

Laser  Doppler  Velocimetry  has  proved  to  be  more 
precise  and  reliable  in  the  measurement  of  flow-fields  in 
STR's  than  any  other  technique  (e.g.  Pitot  probes,  hot 
wire  anemometers),  due  to  (a)  providing  reliable  flow 
information  even  in  non-steady-state  and  highly  turbulent 
flow  areas  as  well  as  in  the  return  flow  areas  of  the  STR 
and  (b)  operating  without  fluid  contact.  A  standard  LDV 
system  only  supplies  flow  information  at  a  single  point,  so 
the  entire  flow-field  can  only  be  determined  rapidly, 
precisely  and  in  detail  if  measured  data  acquisition  is 
automated.  In  the  vicinity  of  the  stirrer  element,  the 
rotating  stirrer  blades  cause  periodic  variations  in  the 
flow  variables  that  can  increase  the  turbulent  variables 
considerably,  if  steady-state  LDV  measurements  are  used 
(up  to  a  factor  of  4,  according  to  Yianneskis  et  al. 
(1987)).  Angle  resolved  measurements  allow  for  taking 
into  account  the  periodic  variations  in  the  flow-field  by 
assigning  each  single  velocity  value  to  the  corresponding 
angle. 

No  quantitative  information  is  available  from  any 
of  the  previous  investigations  for  the  flow-field  within  the 
Rushton  turbine  investigated  here.  Taking  into  account 
the  fact  that  up  to  20%  of  the  total  energy  input  to  the 
STR  is  dissipated  within  the  stirrer  element,  integral 
balances  can  be  supplemented  by  the  incorporation  of 
this  area  to  arrive  at  a  deeper  understanding  of  the 
functioning  of  the  stirrer.  Through  complete  adaptation 
to  the  refractive  index  of  the  implemented  fluid  in  every 
main  section  of  the  measurement  circuit,  as  was  carried 
out  in  these  investigations,  this  important  area  between 
the  blades  of  the  Rushton  turbine  can  also  be 
investigated  using  the  LDV  measuring  technique. 

Taking  all  these  aspects  into  account,  at  the 
Department  of  Fluid  Mechanics  (LSTM)  within  the 
framework  of  several  research  projects,  a  multifunctional 
stirrer  test  rig  has  been  developed  (see  Hofken  (1 994)). 
The  structure  of  the  test  rig  is  shown  in  Figure  1.  The 
basic  structure  comprises  three  substructures,  the 
measuring  circuit,  the  traversing  equipment  and  the  LDV 
measurement  system.  Further  details  on  the  test  set  up 
were  described  by  Hofken  (1 994).  The  semiconductor 
LDV  measuring  system  used  has  been  described  in  detail 
by  Stieglmeier  and  Tropea  (1 992). 

In  the  investigations  described  here,  a  Rushton 
turbine  is  used  as  the  stirrer  (see  Figure  2),  with  the 


Fig.  1 :  Test  set  up 
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Fig.  2:  Rushton  Turbine  Model 


dimensions  D  =  T/3,  H  =  D/5,  V/  =  D/4  and  a 
clearance  of  T/3  in  a  cylindrical  and  baffled  STR  with  a 
tank  diameter  of  T  =  150  mm. 

The  entire  measuring  circuit  was  refractive  index 
matched,  i.e.  the  STR  walls  and  the  stirrer  blades  were 
constructed  from  transparent  materia!  that  has  the  same 
refractive  index  as  the  model  fluid  (n  =  1 .473).  In 
addition,  the  STR  was  suspended  in  a  rectangular 
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container  filled  with  the  model  fluid,  in  order  to  eliminate 
the  distorting  effect  of  the  rounded  surface  of  the  STR  on 
the  path  of  the  laser  beams. 

The  results  presented  below  were  obtained  from 
measurements  that  were  carried  out  at  a  stirrer  speed  of 
N  =  1200  rpm.  With  the  characteristic  values  for  the 
fluid,  this  resulted  in  a  turbulent  Reynolds  number  of  Re 
=  1.2’'^0^ 


3  RESULTS 

3.1  Large-Scale  Flow 

For  the  purpose  of  clarifying  the  flow  relationships 
existing  throughout  the  STR,  the  complete  flow-field  was 
measured  with  high  resolution  at  an  axial  and  radial  step 
width  of  4  mm.  As  the  baffle  positions  influence  the  flow- 
field  significantly,  several  measuring  traverses  were 
carried  out  at  different  baffle  positions  relative  to  the 
blade  positions  of  the  stirrer. 

Figure  3  illustrates  the  locations  of  the  planes 
which  are  presented  here  (15°,  45°  and  75°  in  front  of 
the  baffles),  by  way  of  example.  In  Figures  4  to  9,  the 
average  flow-field  and  the  distribution  of  the  energy 
dissipation  are  presented  for  these  planes.  The  diagrams 
correspond  to  a  momentary  picture  of  the  flow,  i.e.  the 
flow  events  are  related  to  the  depicted  angular  position 
(0°)  of  the  stirrer  element  with  respect  to  the  plane  of 
stirring.  At  a  greater  distance  from  the  stirrer  element,  the 
flow  events  can,  however,  be  viewed  as  steady-state  so 
that  the  flow-field  here  remains  almost  identical  during 
one  complete  revolution  of  the  stirrer  element. 


Fig.  3:  Positions  of  presented  planes 


The  flow-fields  presented  show  the  typical  mode  of 
operation  of  the  Rushton  turbine.  The  liquid  is  drawn  into 
the  stirrer  element  axially,  deflected  in  a  radial  direction, 
and  ejected  again  in  the  form  of  a  radial  jet  stream.  The 
fluid  jet  ejected  at  flow  velocities  of  up  to  0.85U,ip  splits 
at  the  vessel  walls  and  is  diverted  upwards  and 
downwards.  The  tangentially  propelled  fluid  at  the  level 
of  the  stirrer  element  meets  the  baffles  close  to  the  vessel 
walls  and  is  also  deflected  axially  here.  Two  large-scale 
ring  vortices  are  formed,  one  above  and  one  below  the 
area  of  radial  flow  at  the  level  of  the  stirrer  blades.  The 
mounting  height  of  the  stirrer  element  at  1  /3  of  the  liquid 
level  means  that  the  upper  ring  vortex  is  only  able  to 
form  over  a  section  of  the  upper  vessel  volume,  whereas 
the  lower  ring  vortex  spans  the  entire  lower  vessel  area, 
ensuring  excellent  macro-mixing  there. 

The  center  of  the  upper  ring  vortex  moves  further 
towards  the  central  plane  as  the  distance  from  the  baffles 
increases.  At  the  plane  located  at  15°  in  front  of  the 
baffles,  a  secondary  vortex  is  generated  that  is  able  to 
maintain  minimal  macro-mixing  in  the  uppermost  area  of 
the  STR. 

Furthermore,  the  intensity  of  the  lower  ring  vortex  is 
significantly  stronger,  a  fact  that  is  confirmed  by  the 
considerably  higher  velocity  of  axial  flow  moving  into  the 
stirrer  element  (up  to  0.25Ujp  as  opposed  to  0.15U,jp 
above  the  stirrer  element). 

For  the  purposes  of  determining  the  local  energy 
dissipation  (Figures  7  to  9),  a  statement  from  Brodkey 
(1 975)  was  referred  to  that  was  based  on  a  dimensional 
analysis  and  resulted  in  the  following  equation; 


where  u'  represents  a  characteristic  turbulent  velocity 
and  L  represents  a  characteristic  length  scale  of  the  flow. 
The  constant  of  proportionality  A  can  be  set  to  A  =  1  in 
jet  flows  according  to  Batchelor  (1953).  It  was  therefore 
possible  to  determine  the  characteristic  length  scale  via 
an  energy  balance  calculation  throughout  the  STR  (see, 
for  example,  Hofken  (1994)).  A  length  scale  of  L  =  5.74 
mm  was  determined  for  the  Rushton  turbine  flow  in  this 
case,  corresponding  to  about  half  the  height  of  the  stirrer 
blades.  This  length  scale  was  then  inserted  in  the  above 
equation  for  calculating  the  local  energy  dissipation 
distribution  in  each  separate  volume  element  of  the  entire 
STR. 

The  results  obtained  via  LDV  measurement 
techniques  show  that  the  highest  values  for  local  energy 
dissipation  are  found  in  the  area  of  the  outwardly  flowing 
radial  jet.  Values  were  obtained  in  this  area  of  8  =  20  - 
25Sjo,,  compared  with  values  in  the  other  areas  of  less 
than  0.58,0,,  which  constitutes  an  increase  of  between  a 
factor  of  40  and  a  factor  of  200.  The  higher  values  for 
local  energy  dissipation  in  the  outward  flow  area  can  be 
traced  back  to  the  trailing  vortices  detached  by  the  edges 
of  the  stirrer  blades  that  have  already  been  described  by 
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Fig.  4:  Average  velocities 

in  the  r, 2-plane  at  1 5° 


Fig.  5:  Average  velocities 

in  the  r,z-plane  at  45° 


Fig.  6:  Average  velocities 

in  the  r,z-plane  at  75° 


Fig.  7.  Energy  dissipation  distribution  Fig.  8:  Energy  dissipation  distribution  Fig.  9:  Energy  dissipation  distribution 
in  the  r,2-plane  at  15  in  the  r^z-plane  at  45°  in  the  r,2-plane  at  75° 


van't  Riet  and  Smith  (1 973)  and  Yianneskis  et  al.  (1 994) 
as  well  as  being  analyzed  in  detail  in  the  following 
section.  The  collapse  of  these  detached  vortices  in  the 
outer  flow-field  beyond  a  certain  distance  from  the  stirrer 
element  leads  to  a  further  increase  in  the  local  energy 
dissipation,  as  can  be  clearly  seen  in  figures  7  to  9. 

3.2  The  Area  within  and  in  the  Vicinity  of  the 

Stirrer 

In  the  inner  area  of  the  stirrer  and  within  the 
outward  flow  area,  the  highest  values  for  local  energy 
dissipation  are  found  which  account  for  approximately 
80%  of  the  total  energy  dissipated  in  the  STR.  A  detailed 
explanation  of  the  flow  conditions  especially  with  respect 
to  the  trailing  vortices  arising  here  requires  even  higher 
resolution  of  the  measuring  grid.  Outside  the  stirrer 
element,  an  axial  and  radial  step  width  of  2  mm  was 
specified  for  this  purpose  that  was  reduced  to  1  mm 
within  the  stirrer. 

The  results  given  here  were  obtained  with  a  baffle 
position  of  45°  relative  to  the  measuring  plane  in  angular 
coordinates.  The  following  figures  comprise  a  selection  of 
two-dimensional  presentations  of  the  velocity  field  from 
different  perspectives  that  give  a  complete  picture  of  the 
flow-field.  In  figures  1 0  and  1 1  the  locations  of  the 
presented  planes  within  the  entire  STR  are  shown.  Figures 
1 2  to  17  depict  r,e  planes  for  z  =  48,  50  and  52  mm. 


An  additional  perspective  is  obtained  via  the  0,z  plane 
depicted  in  figures  1 8  and  1 9  for  r  =  20  mm.  This  is 
located  just  behind  the  central  disc  of  the  stirrer,  as  can 
be  seen  clearly  from  figure  1 1 .  A  third  perspective  is 
provided  by  the  r,z  planes  which  are  shown  in  figures  20 
to  25  for  0  =  6°,  30°  and  54°. 

The  velocity  field  depicted  at  0  =  6°  shows  the 
mode  of  operation  of  the  Rushton  turbine  extremely 
clearly.  The  fluid  stream  is  sucked  into  the  stirrer  element 
axially  and  deflected  into  a  radial  path  along  which  the 
fluid  leaves  the  stirrer  element.  In  this  plane,  the  inflowing 
velocities  reach  values  of  up  to  0.25U,ip  whereas  in  the 
plane  for  0  =  30°,  only  a  minimal  inflow  with  axial 
velocity  values  of  0.05LJ,;p  can  be  determined.  Just  before 
the  subsequent  stirrer  blade  at  0  =54°  inflow  does  not 
exist;  there  is  even  some  axial  outflow  that  works  against 
the  stirring  mechanism  as  such.  Taking  into  consideration 
the  velocity  fields  in  the  r,  0  plane  for  z  =  48  mm,  the 
clearly  defined  direction  of  the  velocity  vectors  points  to  a 
pronounced  area  of  low  pressure  that  is  located  just 
behind  the  stirrer  blades  and  without  which  the  fluid 
could  not  be  sucked  in.  It  can  be  deduced  from  this  that 
the  major  proportion  of  the  circulated  fluid  only  flows 
into  the  stirrer  element  in  a  limited  area  that  is 
characterized  by  the  low-pressure  area. 


Fig.  1 0:  Positions  of  the  r,0  planes  considered  Fig.  1 1 :  Positions  of  the  0,z  and  r,z  planes  considered 
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Fig.  20:  Average  Velocities  in  the  Fig.  21:  Average  Velocities  in  the  Fig.  22:  Average  velocities  in  the 
r,z  -  plane  at  6°  r,z  -  plane  at  30°  r,z  -  plane  at  54° 


Fig.  23:  Energy  dissipation  distribution  Fig.  24:  Energy  dissipation  distribution  Fig.  25:  Energy  dissipation  distribution 
in  the  r,z  -  plane  at  6°  in  the  r,z  -  plane  at  30°  in  the  r,z  -  plane  at  54° 


Within  the  stirrer,  owing  to  the  forced  rotation  of 
the  fluid  located  within  the  stirrer,  two  vortices  are  formed 
above  and  below  the  central  discs  and  driven  as 
depicted  in  the  0,z  plane  at  r  =  20  mm.  These  move  with 
the  main  flow  along  the  stirrer  blade  outwards  and 
detach  themselves  from  it  just  before  reaching  the  outer 
blade  end.  These  trailing  vortices  cause  increased 
turbulence  values,  which  is  why  the  local  energy 
dissipation  in  this  area  increases  significantly.  The  highest 
energy  dissipation  values  are  obtained  between  the  two 
vortices  at  the  point  where  they  influence  each  other. 
With  reference  to  the  distribution  of  the  local  energy 
dissipation  in  the  r,9  planes  (figures  15  to  17),  the 
trailing  vortex  path  can  be  followed  precisely.  After  being 
detached  from  the  rear  edge  of  the  stirrer  blade,  the 
trailing  vortices  are  deflected  into  a  tangential  path.  After 
exiting  the  stirrer,  the  vortex  centers  in  the  outer  flow-field 
move  along  a  path  such  that  with  increasing  distance 
they  move  further  away  from  the  stirrer  and  move  further 
into  alignment  with  a  tangential  path.  The  vortices  are, 
however,  no  longer  being  driven  in  the  outer  flow-field  so 
they  collapse  slowly  until  they  completely  disappear.  The 
beginning  of  this  dissolution  causes  a  further  increase  in 
turbulence  or  energy  dissipation  which  occurs,  for 
example,  in  the  r,©  plane  at  z  =  48  mm  (figure  1  5)  at 
approximately  the  level  of  the  following  stirrer  blade.  This 
behavior  can  be  approximated  to  the  turbulence 
behavior  of  a  free  jet  flow  for  which  high  turbulence 
values  only  arise  within  the  free  jet  beyond  a  certain 
distance  from  the  outlet  opening. 


4  SUMAAARY 

The  results  presented  here  show  that  the  flow-field 
induced  by  a  stirrer  can  be  precisely  characterized  using 
the  described  methods,  in  particular,  it  is  possible  to 
prepare  a  precise,  detailed  description  of  the  distribution 
of  the  local  energy  dissipation  at  the  points  where  the 
highest  energy  dissipation  is  found,  which  can  supply 
valuable  information  especially  for  the  calculation  of  two- 
phase  and  multi-phase  flows.  Energy  dissipation  rates 
can  therefore  now  be  inserted  in  the  basic  equations  for 
modeling  reaction  processes  to  contribute  towards  more 
reliably  designed  reactions  and  reaction  equipment.  In 
two-phase  flow,  the  optimal  entry  point  tor  the  second 
phase  often  has  to  be  found,  in  which  case  the  designer 
will  find  the  depicted  presentation  of  the  energy 
dissipation  distribution  within  the  STR  extremely  useful. 

Furthermore,  the  described  methods  show,  for  the 
first  time,  a  method  for  optimization  and  further 
development  of  stirrers  on  the  basis  of  detailed 
investigations.  A  stirring  element  can  only  be  optimized 
with  respect  to  a  specific  stirring  task  using  numerical 
methods  when  a  precise  knowledge  of  the  flow 
conditions,  turbulence  parameters  and  energy  dissipation 
is  available. 


List  of  symbols 

n  [-]  Retractive  index 

N  [rpm]  Stirrer  speed 
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r,  0,  z 

[m] 

Cylinder  coordinates 

u' 

[m/s] 

Characteristic  turbulent  velocity 

A 

[-] 

Constant  of  proportionality 

W 

[m] 

Width  of  the  stirrer  blade 

D 

[mj 

Diameter  of  the  stirrer 

H 

[m] 

Height  of  the  stirrer  blade 

L 

[mj 

Integral  length  value 

U,ip 

[m/s] 

Stirrer  tip  velocity 

T 

[m] 

Diameter  of  the  STR 

e 

[mW] 

Energy  dissipation 

^ot 

[m^/s^] 

Average  energy  dissipation  referred  to 

the  total  input  energy 
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ABSTRACT 

The  flow  in  the  vicinity  of  the  Rushton  impeller  in  stirred 
vessels  is  strongly  periodic  due  to  the  crossing  of  the 
individual  impeller  blades  and  the  associated  trailing  vortex 
structure.  Earlier  investigations  (Popiolek  et  al  (1984), 
Yianneskis  et  al  (1987),  Yianneskis  and  Whitelaw  (1993), 
Stoots  and  Calabrese  (1994)),  have  reported  in  detail  the 
structure  of  the  flow  around  a  Rushton  impeller  and  have 
identified  the  main  features  of  the  mean  flow  and  turbulence 
fields. 

The  present  study  is  concerned  with  the  decay  of  the 
trailing  vortices  with  increasing  distance  from  the  blades  of 
the  impeller.  Angle-resolved  and  time-resolved  LDA 
measurements  of  the  three  mean  velocity  components  and  of 
the  corresponding  turbulence  levels  were  made  in  a  r  =  100 
mm  diameter  fully  baffled  stirred  vessel  with  a  Rushton 
impeller  of  diameter  D  =  773  and  located  at  a  clearance  of 
C  =  773  above  the  flat  bottom  of  the  vessel. 

It  is  shown  that  the  vortices  maintain  their  identity  for 
only  a  short  distance  from  the  blade.  Spectral  analysis  of  the 
time-resolved  data  and  comparisons  of  the  distributions  of  the 
axial,  radial  and  tangential  mrbulence  levels  indicated  that  the 
turbulence  might  be  considered  anisotropic  near  the  impeller 
blade,  and  becomes  increasingly  isotropic  with  distance  from 
the  blade. 

1.  INTRODUCTION 

A  pair  of  trailing  vortices  are  produced  by  a  rotating 
Rushton  impeller  as  the  flow  passing  each  blade  above  (and 
below)  the  impeller  disc  interacts  with  the  tangential  velocity 
imparted  on  the  flow  by  the  impeller.  This  flow  combines  to 


form  a  pair  of  trailing  vortices,  one  above  and  one  below  the 
disc  rotating  in  opposing  directions.  This  is  shown 
schematically  in  Figure  1.  The  presence  of  a  large  periodic 
component  in  the  flow  in  the  vicinity  of  the  impeller,  was  first 
reported  by  Mujumdar  et  al  (1970),  with  a  time  scale  equal  to 
the  number  of  blades  multiplied  by  the  rotational  speed  and  an 
amplitude  decreasing  with  distance  from  the  impeller.  The 
corresponding  energy  spectra  showed  a  peak  at  this 
frequency.  It  was  estimated  that  the  turbulence  intensities 
were  up  to  five  times  larger  that  the  true  value  due  to  this 
periodicity.  Van’t  Riet  and  Smith  (1973,  1975)  reported  the 
existence  of  trailing  vortices  behind  each  impeller  blade, 
which  maintained  their  identity  for  2-3  blade  lengths.  They 
found  the  vortex  axis  to  be  nearly  horizontal.  Giinkel  and 
Weber  (1975)  showed  that  the  pair  of  trailing  vortices 
between  two  successive  blades  gave  rise  to  anisotropic 
turbulence  in  the  impeller  stream.  Van’t  Riet  et  al  (1976) 
suggested  that  most  of  the  velocity  fluctuations,  originated 
from  the  periodicity  of  the  flow  in  the  impeller  region  and  the 
accompanying  vortex  structure  and  coined  the  term  pseudo¬ 
turbulence  for  such  fluctuations.  Van  der  Molen  and  van 
Mannen  ( 1 978)  observed  that  the  periodic  component  reached 
near-zero  values  at  two  thirds  of  the  tank  radius  and  thereafter 
decayed  into  random  turbulence.  LDA  measurements 
averaged  over  V  intervals  were  performed  by  Popiolek  et  al 
(1984),  Yianneskis  et  al  (1987),  Stoots  and  Calabrese  (1995) 
and  Yianneskis  and  Whitelaw  (1993).  It  was  found  that  the 
turbulence  levels  were  overestimated  by  up  to  400%  when 
ensemble-averages  were  obtained  over  360°  compared  with 
r  intervals.  Popiolek  et  al  (1984)  found  the  velocities  in  the 
vortices  were  of  the  order  of  0.25Vjjp  and  the  maximum 
kinetic  energy  of  turbulence  was  0.19Vjjp^  at  around  20° 
behind  each  blade.  The  fluctuating  quantities  measured 
indicated  strong  anisotropy  of  the  turbulence  in  the  impeller 
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stream.  Yianneskis  et  al  (1987)  found  the  axis  of  the  trailing 
vortex  to  be  nearly  horizontal,  hence  the  effect  of  periodicity 
was  not  seen  to  extend  far  above  or  below  the  impeller.  The 
trailing  vortices  merged  with  the  bulk  flow  at  25°-30°  behind 
each  blade. 

In  this  study  the  decay  of  the  trailing  vortices  with 
increasing  radial  distance  from  the  impeller  has  been 
investigated.  This  has  been  achieved  through  LDA 
measurements  and  subsequent  spectral  analysis  of  the  results. 


Figure  1.  Schematic  diagram  of  a  pair  of  trailing 
vortices  generated  by  a  Rushton  impeller  blade. 


2.  FLOW  CONFIGURATIO.N  AND 
MEASUREMENT  TECHNIQUES 

Experiments  were  performed  in  an  acrylic  cylindrical 
fully-baffled  vessel  agitated  by  a  single  6-bladed  Rushton 
turbine.  The  vessel  configuration  is  shown  Figure  2  and  was 
of  internal  diameter  (7)  100  mm  and  4  baffles  of  width  T/10 
were  located  on  the  periphery  of  the  tank.  The  vessel  was 
located  inside  an  acrylic  square  trough,  and  the  space  between 
the  vessel  and  trough  was  filled  with  distilled  water  fed  from  a 
constant  temperature  water  bath,  in  order  to  remove  the  heat 
generated  by  the  impeller  and  to  minimise  refraction  effects. 
The  Rushton  impeller  was  of  diameter  (D)  773  and  located  at 
an  off-bottom  clearance  (Q  of  773.  The  working  fluid  inside 
the  vessel  was  distilled  water  and  the  tank  was  filled  to  a 
height  H  =T.  A  lid  was  placed  at  this  height,  to  avoid  air 
entrainment  in  the  flow.  The  impeller  shaft  was  driven  by  a 
bi-directional  variable  speed  DC  motor.  The  rotational  speed, 
N,  was  set  to  2165  ±  10  rpm  for  all  experiments;  this 


corresponded  to  a  tip  velocity  (E^jp)  of  3.77  m/s  and  a 
Reynolds  number  of  40000.  The  origin  of  the  co-ordinate 
system  was  taken  to  be  the  centre  of  the  base  of  the  vessel  and 
all  positions  are  described  in  terms  of  polar  co-ordinates  in  the 
axial  (z),  radial  (r)  and  tangential  (6)  directions.  For  the  angle 
resolved  measurements,  the  measuring  volume  location  is 
expressed  in  terms  of  polar  co-ordinates  relative  to  the 
impeller,  viz.  r,  z  and  (p,  where  0  is  the  angle  measured  from 
the  centre  of  a  reference  blade.  All  measurements  were 
performed  in  the  plane  located  halfway  between  two  adjacent 
baffles  (6=  0°).  The  impeller  shaft  was  coupled  to  an  optical 
shaft  encoder  that  provided  a  train  of  1999  pulses  and  one 
marker  pulse  per  revolution.  From  this  the  rotational  speed  of 
the  impeller  could  be  determined  and  each  velocity  result 
could  be  angle-stamped  with  respect  to  the  impeller  position. 


D 


Figure  2.  Vessel  configuration. 
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Time-resolved  data  were  acquired  by  measuring  all 
validated  Doppler  signals  arriving  over  a  predetermined 
number  of  impeller  revolutions.  Angle-resolved  data  were 
acquired  by  ensemble-averaging  the  velocity  measurements 
between  two  particular  adjacent  blades,  i.e.  over  a  60° 
interval,  and  sorted  into  1°  bins.  This  was  performed  over  a 
number  of  revolutions  until  sufficient  data  had  been  acquired 
for  each  1°  interval  of  the  60°  band. 

Time-resolved  and  angle-resolved  velocities  were 
measured  using  an  LDA  system  operating  in  the  dual  beam, 
forward  scatter  mode.  The  beams  from  a  lOmW  Helium- 
Neon  laser  entered  the  flow  field  from  either  the  base  or  the 
side  of  the  tank,  depending  on  the  velocity  component  being 
measured.  A  radial  diffraction  grating  was  used  for  splitting 
and  frequency  shifting  of  the  two  first  order  laser  beams.  The 
fluid  inside  the  vessel  was  seeded  with  neutrally  buoyant 
particles  of  3  pm  mean  diameter.  Scattered  light  from  the 
particles  crossing  the  measuring  volume  created  by  the  two 
beams  was  collected  using  a  photomultiplier  tube.  The 
Doppler  signals  were  processed  using  a  frequency  counter  for 
the  angle-resolved  and  a  burst  spectrum  analyser  (BSA)  for 
the  time-resolved  measurements.  The  counter  and  BSA  data 
were  processed  to  obtain  the  quantities  of  interest  with  a 
microcomputer  and  a  VAX  mainframe  computer 
respectively.  The  measuring  volume  length  and  diameter 
were  370  pm  and  46.5  pm  respectively.  The  errors  in  the 
mean  velocities  were  estimated  to  be  1-5%  and  in  the  rms 
velocities  5-10%. 


3.  RESULTS  AND  DISCUSSION 


3.1.  Angle-Resolved  Measurements 


and  15°  contours,  two  regions  of  high  values  can  be 

discerned:  the  first  is  associated  with  the  vortices  generated 
by  the  leading  blade,  the  centre  of  which  is  on  the  (j) = 0°  plane, 
and  the  second  with  the  vortices  from  the  preceding  blade. 
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For  the  angle-resolved  measurements  at  least  500 
samples  were  taken  for  each  1°  blade  angle  interval  to  achieve 
statistically  independent  results.  The  mean  velocities  in  the 

axial,  radial  and  tangential  directions  are  denoted  by  U ,  V 

and  W  respectively.  The  rms  velocities  in  these  three 
directions  are  denoted  by  v’  and  w’  respectively. 

In  Figure  3,  the  contours  of  the  kinetic  energy  of 
turbulence  normalised  with  the  tip  speed  squared,  V,jp^,  are 
shown  in  the  <p  =  0°,  15°,  30°  and  45°  planes.  The  presence  of 
the  trailing  vortices  is  indicated  by  the  regions  of  high 
values.  For  all  <p  planes,  k/V^p^  levels  greater  than  0.02  are 
found  within  a  region  bounded  by  z/T  =  0.29  and  0.40,  i.e.  a 
cylindrical  region  of  around  1.5  blade  heights.  In  the  0  =  0° 


Figure  3.  Normalised  turbulence  kinetic  energy 
contours  in  the  0  =  0°,  15°,  30°  and  45°  planes. 


At  0  =  0°  the  vortex  pair  from  the  preceding  blade  is 
centred  just  above  the  impeller  disc  at  rIT  =  0.23  and 
z/r=0.34,  while  in  the  0  =  15°  plane  the  corresponding 
region  (where  =  0.08-0. 10)  is  centred  at  z/T  =  0.34  and 
rlT~  0.25.  By  the  time  the  impeller  has  moved  to  the  0  =  30° 
and  45°  planes,  the  trailing  vortices  produced  by  the 
preceding  blade  can  no  longer  be  discerned,  but  most 
probably  contribute  to  the  elongated  shape  of  the  0.04-0.06 
contour  in  these  plots. 
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The  trailing  vortex  pair  from  the  leading  blade  in  the 
(f>  =  0°  plane  is  indicated  by  the  region  of  klV^^  =  0.08-0.10 
just  above  the  impeller  disc  at  the  edge  of  the  impeller  blade. 
At  (j>=  15”,  the  vortices  are  located  in  the  area  near  the  blades 
where  is  greater  than  0.10.  A  corresponding  region  of 
high  k  levels  exists  in  the  (fi  =  30°  and  45”  planes,  but  is  seen  to 
move  away  from  the  impeller  blade  as  (p  increases.  This 
illustrates  that  the  trailing  vortex  pair  behind  the  impeller 
blade  moves  radially  outwards. 

Figure  4  shows  the  turbulence  kinetic  energy  contours 
normalised  with  in  the  zlT=  0.33  plane.  The  impeller  is 
rotating  in  a  clockwise  direction.  The  region  of  high  k  behind 
the  leading  blade  indicates  the  presence  of  the  trailing  vortex 
pair  streaming  radially  outwards.  The  second  region  of  high  k 
corresponds  to  the  trailing  vortex  pair  generated  by  the 
preceding  blade  (not  shown  on  the  Figure). 
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Figure  4.  Normalised  turbulence  kinetic 
energy  contours  in  the  z/T  =  0.33  plane. 

In  order  to  assess  the  isotropy  of  turbulence  in  the 
impeller  stream,  the  values  of  the  turbulence  levels  in  the 
three  co-ordinate  directions  were  compared.  As  values  of 
u’/v'  and  w’/v’  may  give  an  erroneous  assessment  of  isotropy 
in  regions  where  these  levels  are  low,  it  was  found  more 
appropriate  to  consider  the  distribution  of  \u’  -  v’l/V^jp  and 
Iw’  -  v’l/Vjjp  instead. 

Figures  5  and  6  show  contours  of  Im’  -  v’l  and  Iw’  -  v’l 
normalised  with  V^jp  in  the  (j»=  0”,  15°,  30”  and  45”  planes. 


Turbulence  can  be  considered  to  be  isotropic  where  the 
contour  values  tend  to  zero.  In  all  ^  planes  in  Figure  5,  the 
highest  values  of  Im’  -  v’l/V^jp  are  found  near  the  impeller 
blades.  At  the  edge  of  the  measured  area  the  contour  values 
are  very  low,  0-0.02  as  the  turbulence  is  becoming  more 
isotropic.  In  Figure  6,  the  highest  values  of  Iw’  -  v’\IV^^  are 
again  in  the  vicinity  of  the  impeller  blades  and  the  lowest  at 
the  edge  of  the  measurement  region.  These  distributions 
indicate  that  the  turbulence  might  be  considered  to  be 
isotropic  away  from  the  blades,  while  near  the  impeller  it  is 
largely  anisotropic.  This  finding  has  important  implications 
for  CFD  predictions  of  the  flows  employing  turbulence 
models  such  as  the  k-£,  which  are  based  on  an  implicit 
assumption  of  isotropic  turbulence. 
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Figure  5.  \u’  -  v’l/V^jp  contours  in  the 
(p  =  0°,  15°,  30°  and  45°  planes. 
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Figure  6.  Iw’  -  v’l/Vjjp  contours  in  the 
(f»  =  0°,  15°,  30°  and  45°  planes. 


3.2  Time-resolved  Measurements 

Time-resolved  measurements  of  the  instantaneous  radial 
velocity  over  a  number  of  impeller  revolutions,  were  made  at 
a  series  of  radial  locations.  This  serves  to  highlight  the 
periodicity  at  a  certain  point  in  the  flow  field,  due  to  the  action 
of  the  blade  passages  and  the  associated  trailing  vortices.  It  is 
thus  possible  to  ascertain  how  far  radially  outwards  from  the 
impeller  this  periodicity  is  felt  and  where  the  periodic 
component  decays  and  the  associated  trailing  vortices 
dissipate  into  the  main  ring  vortices  in  the  bulk  flow.  Figures 
7(a)-(d)  show  the  instantaneous  radial  velocity,  V, 
normalised  with  the  impeller  tip  speed  V^p  in  the  zJT  =  0.33 
plane  (through  the  centre  of  the  impeller  disc),  at  a  series  of 


radial  locations:  rIT  =  0.17, 0.18, 0.22  and  0.25  respectively. 
At  the  two  radial  locations  closest  to  the  impeller:  rIT  =0.17 
and  0. 1 8,  a  cyclic  variation  of  velocity  is  observed.  Six  cycles 
can  be  clearly  seen  for  each  complete  impeller  revolution, 
corresponding  to  the  number  of  blade  passages,  as  was  also 
reported  by  Popiolek  et  al  (1984).  Further  out  at  rIT  =0.22 
there  is  still  some  periodicity,  which  decays  even  further  by 
rIT  =  0.25. 


V 


Figure  7.  Normalised  instantaneous  radial  velocity 
recordings  made  in  the  tJT  =  0.33  plane  at  (a)  rIT  =  0. 11  \ 
(b)  r/r=  0.18;  (c)  rlT=  0.22  and  (d)  r/T=  0.25. 


In  order  to  quantify  the  changes  in  strength  of  the 
frequency  components  along  the  impeller  stream,  normalised 
energy  spectra  were  calculated  from  the  instantaneous 
velocity  traces  in  Figure  7.  This  also  serves  to  highlight 
discrete  frequencies  in  the  flow.  Normally,  when  calculating 
energy  spectra,  data  should  be  sampled  at  equal  time 
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intervals,  however,  during  the  time-resolved  measurements 
data  were  acquired  at  random  intervals.  For  the  spectral 
analysis  of  unevenly  sampled  data  the  Lomb  method  was 
adopted  and  applied  in  a  manner  described  by  Press  et  al 
(1992).  The  normalised  energy  spectrum  function,  P(f)  is 
given  by: 


V 

where  E'(J)  is  the  energy  spectrum  function  calculated 
from  unevenly  spaced  data  using  the  Lomb  method  and  v’  is 
the  rms  value  of  the  recorded  radial  instantaneous  velocities 
which  includes  both  the  ‘real’  and  ‘pseudo’  components  of 
turbulence. 
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Figure  8.  Normalised  instantaneous  radial  velocity 
recordings  made  in  the  zIT  =  0.33  plane  at  (a)  r/T  =  0. 1 7; 
(b)  rlT=  0.18;  (c)  r/T=  022  and  (d)  r/T=  0.25. 


Figures  8(a)-{d)  show  the  distributions  of  P(f)  against 
frequency  on  the  rIT-  0.33  plane  at  the  radial  positions  of 
^^  =  0-17,  0.18,  0.22  and  0.25  respectively.  At  the  radial 
location  closest  to  the  impeller,  rIT  =  0.17  in  Figure  8(a),  the 
highest  peak  is  at  2 1 6  Hz,  corresponding  to  the  blade  passage 
frequency.  The  smaller  peak  at  432  Hz  represents  a  harmonic 
of  this  frequency.  The  peak  at  the  dominant  frequency  is  seen 
to  decrease  slightly  in  Figure  8(b)  as  the  radial  distance  from 
the  impeller  increases  to  r/r=  0.18.  Further  out  still  at 
rlT=  0.22  (Figure  8(c)),  the  magnitude  of  P(f)  at  the  dominant 
frequency  has  fallen  to  20%  of  its  value  in  Figure  8(a).  At 
rIT  =  0.25  in  Figure  8(d),  no  peaks  and  hence  no  periodicity 
in  the  flow  can  be  distinguished.  This  indicates  that  trailing 
vortices  start  to  decay  at  around  rlT  =  0.22  and  by  rIT  -  0.25 
have  completely  broken  down  into  random  turbulence.  These 
results  agree  with  the  observations  of  Mujumdar  (1970)  who 
observed  that  80-90%  of  turbulence  intensities  measured 
close  to  the  impeller  blade  were  due  to  the  periodic 
component  and  that  at  0.66  of  the  tank  radius,  the  periodic 
component  rapidly  decayed  to  a  negligible  value. 

In  order  to  obtain  the  energy  spectrum  of  the  real 
turbulence,  it  is  necessary  to  remove  the  periodic  component 
present  in  the  flow.  A  number  of  methods  can  be  used  to 
obtain  the  real  turbulence  velocity  component,  for  example, 
by  subtracting  the  1°  ensemble-averaged  mean  velocities 
from  the  instantaneous  velocities,  or  by  estimating  the 
instantaneous  mean  velocities  using  a  moving-window 
averaging  technique.  However,  the  former  method  generally 
does  not  yield  a  zero-mean  velocity  fluctuation  due  to  cycle- 
to-cycle  variations  (see,  for  example,  Yianneskis  and 
Whitelaw,  1993),  while  the  latter  acts  as  a  high-pass  filter  and 
thus  information  on  low-frequency  turbulence  will  be  lost. 
Therefore,  a  band-stop  frequency  filtering  technique  was 
employed.  However,  frequency  filtering  requites  equi-spaced 
data  in  the  velocity  time  traces.  To  adiieve  this,  the  data  was 
re-sampled  with  a  number  of  sampling  intervals,  and  the  most 
appropriate  one  was  selected  by  comparing  the  normalised 
energy  spectra  of  the  re-sampled  traces  with  those  of  the  raw 
data. 

With  equi-spaced  data,  the  energy  spectrum  E(J)  can  be 
obtained  through  a  Fast  Fourier  Transform  (FFT)  of  the 
autocorrelation  function  coefficient  Rfr),  which  is  given  by: 


/?(T)  = 


‘'r  ''t+r 


where  z  is  the  correlation  time. 
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The  solid  line  in  Figure  9  shows  the  energy  spectrum  of 
the  re-sampled  radial  velocity  recording  made  at  rtT  =0.17 
and  zJT=  0.33,  plotted  in  log-log  scale.  It  can  be  observed  that 
there  is  a  peak  at  the  blade  passing  frequency.  The  periodic 
component  of  the  velocity  trace  was  removed  by  band-stop 
filtering  the  FFT  of  the  re-sampled  velocity  trace,  and  then 
performing  an  inverse  FFT.  The  resulting  energy  spectra  is 
shown  by  the  dotted  line.  It  can  be  seen  that  at  frequencies 
below  around  800  Hz,  E(f)  is  much  higher  for  the  spectrum 
with  the  periodic  component.  This  is  due  to  the 
pseudo-turbulence  contribution,  mentioned  earlier.  At 
frequencies  above  this,  the  two  ^ectra,  with  and  without  the 
periodic  component,  are  identical. 


E(f)  (m2/s) 


Figure  9.  Energy  spectra  of  the  radial  velocity 
fluctuations  at  rlT—Q.ll,  zIT  =  0.33,  with 
and  without  the  periodic  component. 


An  indication  of  isotropy  can  be  obtained  from 
Kolmogorov’s  isotropic  turbulence  theory:  for  the  inertial 
subrange,  the  energy  distribution  is  given  by  a  straight  line  of 
slope  -5/3.  This  is  shown  in  Figure  9  on  the  log-log  graph. 
Figure  10  shows  several  energy  spectra  of  the  radial  velocity, 
all  with  the  periodic  component  removed  with  a  band-stop 
filter.  A  straight  line  of  slope  -5/3  representing  isotropic 


turbulence  is  again  shown  on  the  Figure.  At  rIT  =0.17,  the 
spectra  do  not  exhibit  a  -5/3  slope  at  frequencies  below  1  kHz. 
At  frequencies  above  this  the  slope  is  around  -1.4,  indicating 
some  anisotropy  in  this  region.  Further  away  from  the 
impeller,  at  rIT  =  0.27,  there  is  a  fairly  good  match  with  the 
-5/3  slope  at  frequencies  above  1  kHz  while  at  r/7  =  0.35  the 
spectra  show  a  -5/3  slope  for  frequencies  above  200  Hz. 
Therefore  the  £(/)  distributions  might  be  considered  to 
indicate  that  the  flow  is  becoming  more  isotropic  with 
increasing  distance  from  the  impeller. 


£(/)  (m2/s) 


Figure  10.  Energy  spectra  of  the  radial  velocity 
(with  the  periodic  component  removed) 
at  r/T  =  0.17,  0.27  and  0.35,  zJT  =  0.33. 


4.  CONCLUDING  REMARKS 

r  ensemble-averaged  LDA  measurements  were  made 
around  a  Rushton  impeller  to  determine  the  mean  flow  and 
turbulence  characteristics  between  two  successive  blades. 
The  turbulent  kinetic  energy  values  are  highest  in  the  vicinity 
of  the  impeller  and  are  associated  with  the  presence  of  the 
trailing  vortices.  Comparison  of  the  three  turbulence  level 
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component  distributions  indicated  that  the  turbulence  in  this 
region  might  be  considered  anisotropic. 

Time-resolved  measurements  of  the  radial  velocity  have 
indicated  strong  periodicity  in  the  flow  in  the  impeller  region, 
resulting  from  the  impeller  blade  passages  and  the  associated 
trailing  vortices.  Energy  spectra  show  a  distinct  peak  at  the 
blade  passing  frequency  which  decreases  in  magnitude  with 
distance  from  the  impeller.  Energy  spectra  plotted  in  log-log 
scale  indicate  that  the  turbulence  becomes  isotropic  further 
from  the  impeller. 
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1  Abstract 

A  new  technique  based  on  the  HOUGH  transform  is 
presented  to  analyse  single  frame  double  exposure 
particle  tracking  velocimetry  images  (PTV).  High 
particle  concentrations  are  possible  by  this  evaluation 
method.  The  technique  is  applied  to  a  single  blade 
pump.  Several  optical  components  between 
measuring  plane  and  camera  decrease  image  quality, 
so  that  measurements  using  particle  image 
velocimetry  (PIV)  are  unsatisfactory.  Therefore  the 
PTV  technique  is  used  which  is  independent  of 
particle  size. 

2  Introduction 

The  digital  particle  image  velocimetry  (DPFV) 
(Willert,  1991;  Adrian,  Yao,  1985)  and  the  PTV 
(Malik  et  al.,  1993;  Hassan,  Canaan,  1991)  are  useful 
methods  for  measuring  the  flow  velocities  in 
hydraulic  turbomachinery.  Both  digital  techniques  are 
useful  for  measuring  velocity  fields  correlated  to  a 
rotating  angle  of  an  impeller.  The  PTV  is 
advantageous  compared  with  DPFV  in  the  case  of  test 
facilities,  where  optical  components  like  a  window,  a 
casing  and  a  disk  reduce  the  quality  of  the  imaging 
process  by  blurring  the  image  diameter  of  the 
particles.  In  addition,  different  refraction  indices  caus 
images  of  particles  out  of  focus  for  one  frame 
(Figure  1).  Furthermore,  a  particle  concentration, 
which  is  required  for  DPFV  measurements,  reduces 


the  signal  to  noise  ratio  if  the  distance  between  the 
measurement  plane  and  the  window  is  too  big. 
Additionally  the  need  of  measuring  velocity  fields  in 
an  area  of  approximately  1100  cm"  implies  a  high 
energy  laser.  On  the  other  hand,  quantitative 
investigations  of  the  behavior  of  macroscopic 
particles  are  only  possible  with  PTV.  Single  frame 
double  exposure  PTV  measurements  were  done  with 
a  dual-Nd:YAG-laser  and  a  ccd-camera.  Single  frame 
double  exposure  PTV  measurement  requires  a  low 
particle  concentration,  which  is  extremely  time 
consuming  for  investigations  in  rotating  machinery. 


Figure  1:  Investigated  single  blade  pump  and  its 
related  geometry  referring  to  the 
refraction  indices 
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The  necessity  of  investigations  by  PTV  based  on  (Figure  5).  The  intersection  of  these  curves 

single  frame  double  exposure  pictures  motivated  to  determines  the  connecting  straight  line  of  the  two 

search  for  an  evaluation  method  suitable  for  particle  single  points  in  the  (x,  y)  plane, 

concentrations  as  high  as  possible. 


3  HOUGH  transform 

In  general  image  processing  tasks  the  HOUGH 
transform  is  useful  for  edge  detection.  The  purpose  of 
the  present  application  is  the  particle  pair  detection 
based  on  single  frame  double  exposure  PTV  images. 

A  straight  line  at  a  distance  dj  and  an  orientation  aj 
can  be  represented  by 

d|  =x  cosa,  +y  sina,-  (1) 

As  shown  in  Figure  2,  the  HOUGH  transform  of  a 
line  in  the  (x,  y)  plane  is  just  a  point  in  the  (d,  a) 
plane,  the  so-called  HOUGH  space. 


a 

A 
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Figure  2:  Straight  line  and  the  related  HOUGH 
transform 

On  the  other  hand,  transforming  a  single  point 
generates  a  sinusoid  in  the  HOUGH  space,  as  shown 
in  Figure  3.  Each  point  along  this  sinusoid 
corresponds  to  the  (d,  a)  values  for  a  single  line 
passing  the  original  point.  So  transforming  a  single 
point  in  the  real  space  means  transforming  all 
possible  straight  lines  crossing  this  point. 


y 


Figure  3:  All  straight  lines  crossing  a  single  point 
and  their  representations  in  the  HOUGH 
space 


Two  single  points  in  the  (x,  y)  plane  representing  a 
particle  pair  in  PTV  (Figure  4)  are  transformed  into 
two  different  sinusoids  in  the  HOUGH  space 


X 

Figure  4:  Two  points  on  a  straight  line 
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Figures:  Identification  of  the  connecting  line  in 
Figure  4  due  to  an  intersection  in  the 
HOUGH  space 

Velocity  field  analysis  based  on  real  PTV 
measurements  requires  a  particle  concentration  as 
high  as  possible  which  effects  in  ambiguous  particle 
pair  detection.  Figure  6  shows  an  example. 


Figure  6:  Ambiguous  particle  distribution 
Figure  7  shows  the  corresponding  HOUGH  space. 
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Figure  7 :  HOUGH  space  of  Figure  6 

As  shown  before,  each  intersection  between  two 
sinusoids  represents  a  straight  line  connecting  two 
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particles.  Using  the  nearest  neighbour  method  to 
connect  particle  pairs  must  fail  because  of  the 
mentioned  ambiguity.  Obviously,  the  presence  of  a 
main  displacement  direction  is  known  to  a  human 
observer,  so  that  a  manual  connection  would  be  a 
simple  task.  The  main  displacement  direction 
corresponds  to  the  angles  api  (Figure  8). 


A  ;  • 
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Figure  8;  Different  particle-pair  angles  ttpi 


In  the  HOUGH  space,  the  main  displacement 
direction  corresponds  to  a  maximum  of  intersections 
referring  to  an  angle  ap.  Because  the  real 
displacement  vectors  do  not  match  exactly,  the 
counting  of  intersections  according  to  an  angle  a  has 
to  be  extended  to  a  region  ap±p  (Figure  9). 
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Figure  9:  Search  area  ap±P  in  the  HOUGH  space 

The  angle  of  a  potential  connection  of  two  particles  in 
the  (x,  y)  plane  is  proved  by  the  extended 
displacement  direction  ttp+p. 

In  summary,  the  analysis  of  the  HOUGH  space  uses 
only  the  information  of  the  angle  ap+p.  Evaluations 
using  the  HOUGH  transform  were  performed  on 
computed  test  images  of  randomly  distributed  particle 
pairs  as  shown  in  Figures  10  to  15. 


Figure  10;  Circle  distribution 


Figure  1 1:  Detection  result  of  circle  distribution 


Figure  12:  Star  distribution 
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Figure  13:  Detection  result  of  star  distribution 


Figure  14:  Fan-shape  distribution 


Figure  15:  Detection  result  of  fan-shape  distribution 

These  examples  show  the  possibilities  of  the  HOUGH 
transform  for  particle  pair  detection. 


4  Experimental  Setup 

Figure  16  shows  the  test  facilities  for  the 
measurements  of  the  velocity  fields  in  the 
investigated  radial  single  blade  pump  (Pos.  1)  with 
PTV.  The  single  blade  pump  is  characterised  by  the 


following  parameters: 

Capacity 

145  rn^fh 

Head 

8  m 

Nominal  speed  of  rotation: 

1450  min 

Specific  speed 

51  min'* 

Diameter  of  annular  casing 

380  mm 

Single  blade  diameter 

240  mm 

Pipe  diameter 

DN  100 

Drive:  10  kW,  closed  loop 

Casing  and  single  blade  are  made  of  plexiglas,  the 
test  basin  (Pos.  2)  has  windows  (Pos.  3)  for  optical 
access.  During  the  PTV  measurements  the  test  basin 
has  to  carry  out  light  dense. 


H  6  10  5  4 


Figure  16:  Test  facilites 

The  light  source  for  the  measurements  is  a  15  Hz 
dual-Nd-YAG-laser  (Pos.  4)  with  a  puls  energy  of 
200  mJ  each.  The  laser  beam  is  set  with  mirrors 
(Pos.  5)  to  the  light  sheet  optics  (Pos.  6),  which  is 
implemented  with  cylindrical  lenses.  The  light  sheet 
is  positioned  in  the  midspan  of  the  pump  (Pos.  7). 
The  midspan  of  the  pump  is  shown  in  Figure  17.  A 
ccd-camera  (Pos.  8)  with  a  resolution  of  1024  x  1024 
pixels  is  positioned  under  the  pump  on  a  x-y-traverse 
(Pos.  9)  for  scanning  the  velocity  field.  For 
adjustment  of  the  ccd-camera  to  the  pump  markers 
are  adapted  to  the  casing.  The  velocity  fields  have  to 
be  correlated  to  the  rotating  angle  and  the  revolution 
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of  the  impeller.  Therefore,  an  incremental  encoder 
(Pos.  10)  is  adapted  to  the  drive.  A  personal  computer 
controls  the  dual-Nd:YAG-laser,  the  ccd-camera  and 
realises  the  measurement  of  the  rotating  angle  by  a 
plug-in  timer  board.  Due  to  measurements  correlated 
to  the  rotating  angle  a  huge  amount  of  data  has  to  be 
stored  and  evaluated.  For  that  reason,  the  computer  is 
linked  to  a  Pentium  based  MIMD  parallel  computer 
via  the  local  network  of  the  Technical  University  of 
Berlin.  To  get  a  single  frame  double  exposure  PTV 
picture,  the  dual-Nd:YAG-laser  operates  continously 
and  the  ccd-camera  is  synchronized  by  an  external 
trigger  asynchronously.  Due  to  a  delay  of  12  ms 
between  the  external  trigger  and  the  opening  of  the 
shutter  of  the  ccd-camera,  the  external  trigger  is  set 
between  two  pulse  pairs  of  the  laser.  The  shutter 
opens  for  a  period  of  10  ms.  The  first  pulse  of  the 
laser  starts  counting  the  increment  signals  up  to  the 
reference  signal  of  the  encoder. 


Figure  17:  Midspan  of  the  investigated  single  blade 
pump 


5  Evaluation  method 

Figure  1 8  depicts  the  sheme  of  the  evalution  of  PTV 
images  using  the  HOUGH  transfom.  Under  the 
condition  that  data  only  consists  of  particle 
information,  images  of  the  measurement  area  are 
taken  before  particles  are  given  into  the  fluid.  These 
images  are  used  to  eliminate  the  contours  of  the 


impeller.  Therefore  the  superposition  of  all  images, 
preprocessed  with  morphological  operations 
(Jain,  1989)  to  connect  the  whole  contour,  is  used  as 
a  look-up  table.  In  the  region  of  the  impeller  particle 
identification  is  inhibited.  On  the  other  hand,  the 
calculation  of  the  magnification  factor  is  done  by 
these  images.  The  use  of  the  HOUGH  transfom 
includes  the  need  to  reduce  the  particle  images  to  one 
pixel.  Therefore  the  PTV  images  are  converted  to  a 
binarized  pixel  based  image. 


Figure  18:  Evaluation  method 

To  improve  the  accuracy  of  the  calculated  velocities, 
the  coordinates  of  gravity  are  stored  for  further 
calculations.  The  next  step  in  the  evaluation  is  the 
HOUGH  transform  and  computation  of  the  main 
direction  of  displacement.  A  parameter  which  limits 
the  maximum  displacement  of  particles  is  needed 
during  the  search  of  particle  pairs.  The  results  of  pair 
detection  are  combined  with  the  real  particle 
coordinates  and  the  magnification  factor  to  calculate 
the  velocities.  Due  to  post  processing,  the  randomly 
distributed  vectors  have  to  be  interpolated  to  a  grid. 
Then  different  images  are  superimposed  to  increase 
the  number  of  detected  velocity  vectors  in  the 
investigated  area.  The  validation  of  data  based  on  a 
local  mean  operator  (Raffel  et  al.,  1992)  analyses 
each  velocity  vector  in  its  nearest  neighbourhood  to 
reject  incorrect  vectors. 
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6  Results 

Figure  19  and  Figure  20  show  the  absolute  flow  field 
and  the  relative  flow  field  nearby  the  outled  edge  of 
the  single  blade.  The  origin  of  the  coordinate  system 
is  located  in  the  shaft  of  the  pump  and  the  graph 
shows  the  part  marked  in  Figure  17. 
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Figure  19:  Absolute  flow  field  nearby  the  outled 
edge  of  the  single  blade 


Figure  20:  Relative  flow  field  nearby  the  outled  edge 
of  the  single  blade 

Both  graphs  show  the  ability  of  measuring  in  rotating 
machinery  using  the  HOUGH  transfom  instead  of 
conventional  methods  e.g.  laser  DOPPLER 
velocimetry  and  correlation  techniques  as  the  particle 


image  velocimetry.  Due  to  the  fact  of  a  high  particle 
concentration  referring  to  PTV  only  a  few 
measurements  are  needed. 


7  Conclusions 

A  new  PTV  technique  has  been  discussed. 
Advantages  are  the  ability  of  operating  with  a  high 
particle  concentration  using  the  same  equipment 
employed  by  standard  PIV  measurements.  Basic 
investigations  on  computed  particle  distributions 
using  the  HOUGH  transform  show  respectable 
results.  Also  the  extension  to  measurements  in  a 
single  blade  pump  has  been  satisfactory.  To  inprove 
image  quality,  particle  detection  and  post-processing, 
further  investigations  have  to  be  done. 
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ABSTRACT 

A  velocimeter  which  consists  of  one  laser  beam 
and  one  photomultiplier  is  proposed.  The  instrument 
is  based  on  the  monochromatic  rainbow  interference- 
pattern  created  by  a  transparent  particle  illuminated 
by  a  laser  beam;  this  rainbow  moves  in  front  of  a 
photomultiplier  when  the  particle  traverses  the  laser 
beam.  Frequency  analysis  of  the  recorded  signal  leads 
to  the  droplet  size  and  to  one  component  of  the  veloc¬ 
ity  vector.  Validation  experiments  have  been  carried 
out  using  a  spherical  glass  bead.  To  improve  the  mea¬ 
surements  with  water  droplets,  a  nonsphericity  detec¬ 
tion  is  proposed  by  adding  another  photomultiplier. 


Fig.  1;  The  domineint  geometrical  rays  that  form  the 
first-order  raiinbow. 


1.  INTRODUCTION 

In  1988,  the  rainbow  was  introduced  as  a  non- 
intrusive  measurement  technique  to  determine  the  re¬ 
fractive  index,  i.e.  the  temperature,  of  droplets.  The 


initiators  N.  Roth,  K.  Anders  and  A.  Frohn  (1990, 
1991)  directly  applied  the  technique  to  droplet  com¬ 
bustion.  Shortly  after,  Sankar  et  a.  (1993,  1994)  inte¬ 
grated  the  rainbow  technique  with  the  Phase  Doppler 
technique  in  order  to  determine  simultaneously  the 
droplet  size,  velocity  and  temperature. 

The  rainbow  that  is  used  for  the  technique  is 
created  by  a  single  droplet  scattering  laser  light.  The 
technique  is  based  on  the  first-order  rainbow  which 
can  be  explained  geometrically  by  once-internally  re¬ 
flected  rays  for  which  the  scattering  angle  0  goes 
through  an  extremum  with  respect  to  the  incidence 
angle  r;  this  yields  the  characteristic  high  intensity 
of  the  rainbow  near  the  extremum  which  is  called  the 
geometrical  rainbow  angle  drg  (see  figure  1).  From 
figure  1  one  can  understand  that  this  high  inten¬ 
sity  pattern  consists  of  fringes  because  for  scatter¬ 
ing  angles  larger  than  9rg  there  exist  two  paral¬ 
lel  rays  that  interfere  at  infinity;  from  the  result¬ 
ing  so-called  Airy  fringes  the  droplet  size  can  be 
deduced  (J.P.A.J.  van  Beeck  and  M.L.  Riethmuller 
(1995)).  Moreover,  externally-reflected  rays  interfere 
with  internally-reflected  rays  to  form  a  ripple  struc¬ 
ture  superimposed  on  the  Airy  fringes.  Frequency 
analysis  of  both  the  ripple  structure  and  the  Airy 
fringes  indicates  the  degree  of  nonsphericity  of  the 
scattering  particle  (J.P.A.J.  van  Beeck  and  M.L.  Ri¬ 
ethmuller  (1996));  this  is  necessary  to  know  as  the 
droplet  temperature  and  diameter  derived  from  the 
rainbow  highly  depend  on  the  nonsphericity. 

In  the  present  paper  another  application  of  the 
rainbow  as  a  measurement  device  is  proposed,  i.e.  the 
measurement  of  one  component  of  the  velocity  vector 
of  a  moving  droplet.  This  application  is  also  based  on 
frequency  analysis  of  the  Airy  fringes  and  the  ripple 
structure.  Therefore,  the  detection  of  the  droplet  non¬ 
sphericity  has  to  be  carried  in  an  alternative  manner. 


9.1.1 


2.  DETECTION  OF  THE  MONOCHROMATIC 
RAINBOW  WITH  A  PHOTOMULTIPLIER 


water  reservoir 


Fig.  2:  Sketch  of  the  setup  to  detect  the  reunbow  pat¬ 

tern  with  a  linear  CCD-camera. 

The  conventional  way  to  detect  a  rainbow 
interference-pattern  coming  from  a  single  droplet  is  to 
use  a  linear  CCD-camera  placed  at  focal  distance  of  a 
positive  lens  (figure  2).  Each  pixel  of  the  linear  CCD- 
array  corresponds  to  a  certain  scattering  angle.  This 
means  that  the  position  of  the  rainbow  pattern  on  the 
array  is  independent  of  the  position  of  the  droplet  in 
the  laser  beam. 

Monochromatic  Rainbow  Pattern 


Experiment  with  Linear  CCD-camera 


Pixel  Number 

Fig.  3:  Typical  raunbow  signal  recorded  with  a  linear 

CCD-camera.  The  low-frequency  pattern  re¬ 
sembles  the  Airy  fringes  on  top  of  which  a 
ripple  structure  is  superimposed.  The  light¬ 
scattering  droplet  measured  about  2  mm. 


Spectrum  of  Monochromatic  Rainbow  Pattern 


Experiment  with  Linear  CCD-camera 


Frequency  (1/Pixel  Number) 

Fig.  4:  Spectrum  of  the  rainbow  pattern  in  figure  3. 


Figure  3  shows  a  typical  rainbow  signal  recorded 
with  the  CCD-camera.  Figure  4  depicts  the  spectrum. 
The  indicated  peak  FAiry  originates  from  the  low  fre¬ 
quency  interference  pattern,  i.e.  the  Airy  fringes. 
Frippie  corresponds  to  the  ripple  structure.  Both  FAiry 
and  Frippie  yield  a  droplet  diameter;  if  FAiry  equals 
Frippie  then  the  droplet  is  spherical.  Only  then  a  reli¬ 
able  temperature  can  be  determined  from  the  angular 
position  of  the  main  rainbow  maximum.  The  detailed 
procedure  has  been  described  by  Van  Beeck  and  Ri- 
ethmuller  (1996). 

Because  of  the  limited  sensibility  of  the  CCD- 
camera  to  the  scattered-light  intensity,  it  was  decided 
to  study  the  possibility  of  using  a  photomultiplier  for 
the  detection  of  the  rainbow  signal.  When  a  single 
falling  droplet  is  concerned,  a  pin-hole  in  combina¬ 
tion  with  a  photomultiplier  is  sufficient  to  constitute 
a  rainbow  receiver  (see  figure  5).  The  idea  is  that  the 
fringes  in  the  rainbow  pattern  move  in  front  of  the  pin¬ 
hole  when  the  droplet  traverses  the  laser  beam.  If  the 
pin-hole  is  much  smaller  than  the  smallest  fringe  spac¬ 
ing  then  a  rainbow  pattern  in  time  can  be  detected. 
The  actual  amount  of  fringes  traversing  the  pin-hole 
depends  on  the  diameter  D  of  the  light-scattering  par¬ 
ticle,  the  diameter  u  of  the  laser  beam  and  on  the 
distance  I  between  the  pin-hole  and  the  particle. 

A  simulation  of  the  photomultiplier  signal,  made 
with  the  help  of  the  Generalized  Lorenz-Mie  theory 
(G.  Gouesbet  et  a.  (1988)),  shows  how  the  rainbow 
pattern  is  modulated  with  the  Gaussian  intensity  pro¬ 
file  of  the  laser  beam  (figure  6).  The  simulation  was 
carried  out  with  the  following  parameters:  D  =  \  mm, 
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Fig.  5;  Outline  of  the  setup,  containing  a  photomul¬ 
tiplier,  to  detect  the  rainbow  pattern  coming 
from  a  single  scattering  transparent  particle. 
u>  is  the  diameter  of  the  laser  beaun  and  I  is  the 
distance  between  the  pin  hole  and  the  particle 
in  the  center  of  the  beam. 

u!  =  2  mm,  I  =  0.131  m,  a  wave  length  of  the  laser  light 
X  =  514. 5nm,  a  refractive  index  m  =  1.33  —  Of  and 
a  velocity  v  —  Imfs.  Figure  7  shows  both  the  spec¬ 
trum  and  the  spectrum  of  the  derivative  of  the  rainbow 
pattern.  Similar  peaks  as  in  figure  4  can  be  identified. 
However,  the  difference  is  that  the  spectrum  of  figure  7 
not  only  depends  on  the  droplet  diameter  (and  weakly 
upon  the  refractive  index)  but  also  on  the  droplet  ve¬ 
locity.  This  implies  that  the  detection  of  the  rain¬ 
bow  pattern  with  the  photomultiplier-setup  (figure  5) 
leads  to  the  possibility  to  determine  the  droplet  ve¬ 
locity  from  this  setup.  This  will  be  explained  in  the 
following  section. 

The  main  difference  between  the  spectrum  and 
the  spectrum  of  the  derivative  is  that  in  the  latter 
the  peak  at  ^kHz  has  disappeared  which  makes  the 
Airy  frequency  FAWy  easier  to  identify.  It  is  important 
to  recognize  that  the  positions  of  the  peaks  in  both 
spectra  are  exactly  similar. 

3.  DETERMINATION  OF  THE  DROPLET  VE¬ 
LOCITY  FROM  THE  RAINBOW  PATTERN 

As  suggested  in  the  previous  section,  the 
photomultiplier-setup  of  figure  5  can  be  used  to  de¬ 
termine  the  velocity  of  a  moving  light-scattering  par¬ 
ticle.  The  signal  recorded  with  the  photomultiplier 
reveals  clearly  the  Airy  fringes  (with  the  angular  Airy 
frequency  FAiry)  and  the  ripple  structure  (with  ripple 
frequency  Frippu)  which  are  so  characteristic  for  the 


Simulation  of  Photomultiplier-signal 


Generalized  Lorenz>Mie  Theory 
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Fig.  6;  A  simulation  of  a  photomultiplier  signal  con¬ 
cerning  the  setup  of  figure  5.  is  the  scatter¬ 
ing  that  corresponds  to  the  time  to  at  which  the 
droplet  is  positioned  at  the  center  of  the  laser 
beam.  {D  =  1mm,  ui  =  2  mm,  I  =  0.131m, 
the  wave  length  of  the  laser  light  A  =  514.5  nm, 
the  refractive  index  m  =  1.33  —  Of  and  the 
droplet  velocity  t;  =  Imfs.) 

rainbow  (figure  6).  Both  interference  structures  de¬ 
pend  on  diameter  and  velocity.  Therefore,  the  droplet 
diameter  has  to  be  known  a  priori.  In  order  to  de¬ 
termine  the  droplet  size,  the  ratio  Frippu/ FAiry  can 
be  used  because  it  only  depends  on  this  parameter. 
When  applying  the  Airy  theory  close  to  the  main  rain¬ 
bow  maximum,  the  following  expressions  for  this  ratio 
can  be  found  (van  Beeck  and  Riethmuller  (1996)): 


Fripple/  FAiry 

=  1.089(f)J  +  1 

for  m=1.333-0i. 

(1) 

Frippi& /  F Airy 

=  0.6112  (|)i  -f  \ 

for  m=1.517-0i. 

(2) 

Knowing  the  diameter,  the  velocity  can  be  obtained 
from  either  the  Airy  frequency  (in  Hz): 


V  =  /•F^i,j,-1.777(y)-t 

for  m=1.333-0i. 

(3) 

t;  =  1  ■  FAiry 

for  m=:1.517-0i. 

(4) 
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Spectrum  of  (Derivative  of)  Photomultiplier-simuiation 


Generalized  Lorenz-Mie  Theory 


Fig.  7:  Spectrum  and  spectrum  of  the  derivative  of  the 

rainbow  pattern  in  figure  6. 


or  the  ripple  frequency  (also  expressed  in  Hz): 

t  -  I  F„ppie  Q  ^  0.281(f  )t 

for  m=1.333-0i,  (5) 

,  _  ,  P  . _ 1 _ 

0.469(f)  +  0.383(f)t 

for  m=1.517-0i,  (6) 

where  /  is  the  distance  betvreen  the  pin-hole  and  the 
location  in  the  laser  beam  where  the  droplet  passes. 
As  the  Airy  theory  is  used,  the  validity  of  above  ex¬ 
pressions  is  limited  to  droplet  diameters  larger  than 
100  (Van  Beeck  and  Riethmuller  (1994));  if  mea¬ 
surements  in  the  micrometer  range  are  desired,  the 
set  of  equations  should  be  based  on  the  Lorenz-Mie 
theory. 

Finally,  it  is  important  to  realize  that  the  com¬ 
ponent  of  the  velocity  vector,  which  is  measured,  lays 
in  the  scattering  plane  and  is  perpendicular  to  the 
optical  axis  of  the  rainbow  receiver.  Therefore,  it  is 
not  the  laser  beam  but  the  optical  axis  of  the  rainbow 
receiver  that  has  to  be  perpendicular  to  the  velocity 
component  that  one  studies. 

4.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  rainbow  technique,  used  as  velocimeter,  was 
compared  to  the  conventional  laser  Doppler  technique. 
The  setup  is  depicted  in  figure  8.  It  contains  two  cross¬ 
ing  He-Ne-laser  beams.  The  Doppler  signal  is  created 


Fig.  8:  Schematic  of  the  optical  system  that  served  to 

validate  the  rainbow  technique  concerning  the 
velocity  measurement. 


when  a  particle  passes  the  cross-over  region  (i.e.  the 
probe  volume);  the  signal  is  detected  by  the  photo¬ 
multiplier  “Idv-PM”  which  is  placed  after  a  red  filter. 
Frequency  analysis  yields  the  particle  velocity,  vidy, 
which  denotes  the  vertical  component  of  the  velocity 
vector. 

An  expanded  green  laser  beam  (±10  mm)  crosses 
the  probe  volume  and  is  perpendicular  to  both  red 
laser  beams.  It  generates  a  rainbow  pattern  that 
moves  in  front  of  the  photomultiplier  “rainbow-PM” 
which  is  mounted  at  the  geometrical  rainbow  angle.  A 
green  optical  filter  prevents  the  Doppler-signal  from 
recLching  the  photomultiplier.  The  rainbow  signal  is 
recorded  by  a  digital  storage  oscilloscope  that  is  con¬ 
nected  to  a  personal  computer.  As  explained  in  the 
previous  section,  the  rainbow  pattern  in  time  pro¬ 
vides  the  droplet  size  D  and  the  velocity  component, 
^rainbow  j  perpendicular  to  the  optical  axis  of  the  rain¬ 
bow  photomultiplier. 

Validation  of  the  rainbow-technique  has  been 
performed  with  a  spherical  glass  bead  (D=:5.9mm, 
m=1.517-0i).  The  bead  was  sliding  down  in  an  in¬ 
clined  tube  having  a  squared  cross-section;  the  posi¬ 
tion  of  the  tube  could  be  adjusted  in  the  horizontal 
plane.  The  inclination  was  such  that  the  velocity  vec¬ 
tor  of  the  bead  while  passing  the  probe  volume  was 
perpendicular  to  the  optical  axis  of  the  “rainbow-PM” 
and  was  laying  in  the  scattering  plane  of  this  photo¬ 
multiplier.  Therefore,  the  velocity  measured  with  the 
rainbow  technique,  Vrainbow ,  equals  the  absolute  value 
of  the  velocity  vector.  A  removable  catch  inside  the 
tube  made  the  bead  velocity  to  be  repetitive. 

Figure  9  shows  an  experimental  signal  detected 
by  the  photomultiplier.  The  pin-hole  had  a  circular 
aperture  of  50  fim  and  was  positioned  at  a  distance  of 
0.83  m  from  the  probe  volume.  The  Airy  fringes  are 
clearly  visible  and  on  some  of  them  the  ripple  struc¬ 
ture  can  be  observed.  The  spectrum  (figure  10)  has 
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Rainbow  Signal  from  Glass  Bead 


Fig.  9;  Experimental  rainbow  signed  obtsdned  with  the 
rodnbow  receiver  (“rednbow-PM”).  The  scatter¬ 
ing  particle  was  a  glass  bead. 


been  taken  from  the  derivative  of  the  rainbow  pat¬ 
tern  to  better  resolve  the  Airy  frequency  (see 

section  2).  The  ratio  Frippu / Fmtv  gives  a  diame¬ 
ter  of  6.2  ±  0.5mm  according  to  equation  2.  This 
compares  rather  well  to  the  geometrically  measured 
value  of  5.9  ±  0.1  mm.  Relationship  4  yields  the  rain¬ 
bow  velocity  based  on  the  Airy  frequency:  Vrainbow  = 
0.89  ±  0.02  m/s.  In  order  to  obtain  the  vertical  com¬ 
ponent,  Vrainbow  has  to  be  multiplied  with  cos  22®,  i.e. 
the  angle  between  the  velocity  vector  and  the  vertical; 
this  results  in  a  velocity  of  0.82±0.05m/s.  If  relation¬ 
ship  6  is  used  then  the  rainbow  measurement  is  based 
on  the  ripple  structure  and  yields  a  vertical  velocity 
component  of  0.85±0.02m/5.  With  the  laser- Doppler 
velocimeter  a  velocity  of  vijy  =  0.85  ±  O.Olm/s  was 
measured  which  agrees  perfectly  with  value  obtained 
with  equation  6. 

While  performing  measurements  with  the  rain¬ 
bow  technique  it  is  important  to  recognize  that  the 
laser  beam  has  to  be  as  collimated  as  possible.  For 
the  present  setup,  a  beam  divergence  of  1  mrad  would 
already  have  resulted  in  a  velocity  bias  of  —6%.  Fur¬ 
thermore,  from  figure  1  one  understands  that  the  di¬ 
ameter  of  the  laser  beam  has  to  be  larger  than  the 
droplet  size  in  order  to  create  the  entire  rainbow  struc¬ 
ture.  Yet,  looking  to  figures  9  and  10,  it  is  clear  that 
it  is  not  easy  to  detect  the  ripple  structure  because  of 
the  rather  high  level  of  noise.  Therefore,  a  proper  de¬ 
tection  of  the  rainbow  requires  a  high  signal  to  noise 
ratio.  This  ratio  is  determined  by  the  photomultiplier- 


Spectrum  of  Rainbow  Signal  from  Glass  Bead 


Fig.  10:  Spectrum  of  the  derivative  of  the  rainbow  pat¬ 
tern  of  figure  9. 

voltage,  the  laser  power,  the  size  of  the  droplet,  the 
size  of  the  pin  hole  and  the  distance  I  between  droplet 
and  probe  volume.  A  clear  ripple  structure  is  neces¬ 
sary,  not  only  in  order  to  obtain  the  droplet  diameter 
but  also  because  the  uncertainty  in  the  determination 
of  the  ripple  frequency  is  smaller  than  the  uncertainty 
in  the  Airy  frequency  (see  e.g.  the  spectrum  in  fig¬ 
ure  10).  This  is  why  the  rainbow  velocity  derived  from 
equation  6  was  more  accurate  than  the  rainbow  veloc¬ 
ity  based  on  the  Airy  frequency. 

5.  NONSPHERICITY  DETECTION  OF 

DROPLETS  WITH  PHOTOMULTIPLIER-SETUP 

Figure  1 1  shows  a  rainbow  signal  detected  with 
the  setup  depicted  in  figure  8.  The  scattering  particle 
was  a  single  falling  water  droplet  of  about  6  mm  in  di¬ 
ameter  and  having  a  velocity  of  vidv  =  2.6m/s  while 
passing  the  probe  volume.  The  ratio  Frippie/FAiry 
results  in  a  droplet  diameter  of  only  D  =  356  fim.  If 
with  this  erroneous  diameter  the  velocity  is  calculated, 
then  equation  3  would  yield  r  =  44  ±  3  m/  s  and  equa¬ 
tion  5  u  =  42  ±  1  m/s.  A  large  free  falling  droplet  at 
about  37  cm  from  the  needle-exit  is  oscillating,  thus 
only  temporarily  sufficient  spherical  to  obtain  reliable 
physical  quantities  from  the  technique  rainbow  (Van 
Beeck  &  Riethmuller  (1995)).  The  nonsphericity  de¬ 
tection  method  using  the  CCD-camera  compares  the 
diameter  from  the  Airy  frequency  with  the  diameter 
obtained  from  the  ripple  frequency  (section  2).  For  the 
photomultiplier-setup  of  figure  5  this  method  can  not 
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Rainbow  Pattern  from  Water  Droplet 


Fig.  11:  Rainbow  pattern  coming  from  a  single  falling 
water  droplet. 

be  applied  as  only  one  diameter  is  obtained  from  the 
ratio  of  both  frequencies  Frippu  and  FMry  Therefore 
a  modification  of  the  setup  is  presented  in  figure  12. 


Fig.  12:  Modification  of  the  photomultiplier-setup  of 
figure  5  in  order  to  detect  the  nonsphericity 
of  the  scattering  particle. 


It  consists  of  two  photomultipliers  instead  of  one,  sep¬ 
arated  by  a  distance  A  =  1  mm.  Figure  13  shows  a 
simulation  of  the  signals  as  recorded  by  the  two  pho¬ 
tomultipliers  PMl  and  PM2;  the  set  of  parameters 
is  the  same  as  the  simulation  of  figure  6.  Both  pho¬ 
tomultipliers  are  placed  such  that  they  observe  the 
main  rainbow  maximum  and  several  supernumerary 
Airy  fringes.  Due  to  the  distance  A,  the  rainbows  are 
shifted  by  a  time  r  and  are  modulated  in  a  different 


Simulation  of  Photomultiplier-signals 
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Fig.  13:  Simulation  of  the  photomultiplier-signals  in  the 
setup  of  figure  12  using  the  generalized  Lorenz- 
Mie  theory  (Gouesbet  et  a.  (1988)). 

way  by  the  Gaussian  laser  beam  intensity  profile.  The 
velocity  can  directly  be  deduced  from  r  and  A; 


Then  one  diameter  DAiry  can  be  found  based  on  the 
Airy  and  another  Drippu  based  on  the  ripple  fre¬ 
quency  applying  respectively  equation  3  and  equa¬ 
tion  5.  When  the  diameters  mismatch,  the  droplet 
is  nonspherical.  This  method  to  detect  the  droplet 
nonsphericity  can  be  applied  to  the  signal  in  figure  1 1 
using  the  velocity  obtained  by  the  laser  Doppler  ve- 
locimeter,  vuv  =  2.6  m/s.  It  results  in  DAiry  = 
25  mm  and  Drippu  =  8  mm.  Subsequently,  the 
droplet  WEIS  nonspherical.  It  is  very  interesting  to 
notice  that,  unlike  the  diameter,  the  droplet  velocity 
obtained  from  equation  7  is  probably  independent  of 
the  droplet  nonsphericity  as  the  velocity  is  not  de¬ 
rived  from  the  Airy  theory  which  is  only  valid  for 
spherical  particles.  This  statement  deserves  certainly 
further  study  because  it  would  mean  that  with  the 
photomultiplier-setup  of  figure  12  also  reliable  veloc¬ 
ity  measurements  can  be  made  in  a  medium  with  only 
nonspherical  scatterers. 
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6.  CONCLUSIONS 

A  velocimeter  based  on  rainbow-interferometry 
has  been  proposed.  The  instrument  can  be  used  to 
measure  simultaneously  the  velocity  and  the  size  of 
droplets.  The  detection  of  the  rainbow  is  performed 
by  a  photomultiplier.  The  validation  of  the  instru¬ 
ment  has  been  demonstrated  for  spherical  glass  par¬ 
ticles  by  comparing  it  with  the  performance  of  the 
established  laser  Doppler  velocimeter.  The  detection 
of  the  nonsphericity  of  water  droplets  was  proved  to 
be  necessary  in  order  to  obtain  reliable  quantities  from 
the  rainbow  technique.  A  promising  method  to  select 
spherical  droplets  has  been  proposed  making  use  of  an 
additional  photomultiplier. 
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ABSTRACT 

The  evaluation  of  the  intensity  distribution  of  light  scat¬ 
tered  by  droplets  in  the  region  of  the  rainbow  gives  in¬ 
formation  on  size  and  refractive  index  of  the  droplets. 
Three  different  evaluating  techniques  for  obtaining  the 
refractive  index  are  compared  with  each  other.  All  three 
techniques  give  an  angle  characterizing  the  angular  po¬ 
sition  of  the  rainbow,  which  is  related  to  the  refractive 
index  of  the  droplet.  The  first  technique  uses  the  maxi¬ 
mum  value  of  the  intensity  distribution  as  rainbow  po¬ 
sition.  The  second  technique  uses  the  maximum  value 
of  a  filtered  intensity  distribution.  For  this  purpose  the 
original  intensity  distribution  is  filtered  with  a  digital 
low  pass  filter  in  order  to  obtain  intensity  distributions 
without  ripple  structure.  The  third  technique,  which  is 
new,  assumes  a  maximum  of  the  derivative  of  the  filtered 
intensity  distribution  as  rainbow  position.  The  position 
of  this  maximum  is  the  position  of  the  point  of  infiection 
in  the  increase  of  the  filtered  intensity  distribution  up  to 
the  main  maximum  of  the  rainbow.  In  the  comparison 
it  was  found  that  the  third  new  technique  is  insensitive 
to  droplet  size  in  a  wide  range  of  droplet  diameters, 
whereas  in  both  other  techniques  the  droplet  size  has 
to  be  tciken  into  account  for  determining  the  refractive 
index.  With  this  new  techniques  a  rainbow  position  is 
obtained,  which  is  very  close  to  the  rainbow  position 
according  to  the  theory  of  Descartes,  which  uses  ray 
optics  to  determine  the  rainbow  position  and  which  is 
size  independent. 

1  INTRODUCTION 

Rainbow  refractometry  is  an  optical  and  therefore  non- 
intrusive  measuring  technique  to  determine  the  refrac¬ 
tive  index  of  droplets  as  presented  by  Roth  et  a.  (1988) 
and  further  developed  by  Roth  et  a.  (1991,  1992,  1994) 
and  Anders  et  a.  (1993,  1995).  This  techniques  has 
been  adopted  by  severaJ  other  groups  ais  for  instance  by 
Sankar  et  a.  (1993),  van  Beek  and  RiethmuUer  (1994), 
Massoli  et  a.  (1993),  Kai  et  a.  (1993),  Schombacher  and 
Bauckhage  (1996).  A  rainbow  may  be  observed  in  the 


backward  hemisphere  of  the  scattered  light  if  for  in¬ 
stance  raindrops  are  illuminated  by  sunlight.  The  rain¬ 
bow  observed  is  multicolored  and  is  produced  by  many 
drops.  If  a  single  droplet  is  considered  rainbow  phenom¬ 
ena  can  be  detected  in  the  angular  intensity  distribu¬ 
tion  of  the  scattered  light.  The  scattering  angle  6r  at 
which  these  phenomena  are  observed  is  measured  rel¬ 
ative  to  the  forward  direction  of  the  incident  light.  As 
this  angle  depends  on  the  color  or  the  wavelength  of 
the  light  the  white  sunlight  is  splitted  into  the  colors 
of  the  rainbow.  For  large  droplets  in  the  range  of  mil¬ 
limeters  like  raindrops  the  intensity  maxima  observed 
as  rainbow  phenomena  are  rather  sharp  and  their  an¬ 
gular  position  is  practically  independent  of  droplet  size. 
Therefore  a  well  defined  rainbow  can  be  observed  in 
nature,  despite  the  rainbow  is  produced  by  many  rain¬ 
drops  of  different  size.  A  theory  by  Descartes  predicts 
the  angular  position  6r  of  the  rainbow  without  taking 
the  droplet  size  into  account.  In  this  theory  the  position 
of  the  rainbow  depends  only  on  the  refractive  index  of 
the  droplet.  The  refractive  index  depends  on  the  prop¬ 
erties  of  the  droplet  material  amd  on  the  wavelength 
of  the  light.  If  the  light  is  monochromatic  the  refrac¬ 
tive  index  can  be  determined  by  measuring  the  angular 
position  of  the  rainbow  according  to  Descartes’  theory. 
This  theory  holds  only  for  very  large  droplets.  In  tech¬ 
nical  systems,  however,  much  smaller  droplets  have  to 
be  considered.  For  smaller  droplets  the  position  of  the 
rainbow  depends  significantly  on  droplet  size.  This  in¬ 
fluence  has  been  taken  into  account  by  Airy.  In  this 
paper  a  formula  given  by  Walker  (1976),  which  is  based 
on  Airy’s  theory  has  been  used  for  calculations  of  the 
rainbow  angle  Ora-  For  determining  the  refractive  index 
the  droplet  size  has  to  be  measured  in  addition  to  the 
angular  position  of  the  rainbow.  Here  a  new  method 
is  described,  which  allows  to  determine  the  refractive 
index  without  size  measurements  even  for  rather  small 
droplets. 
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2  RAINBOWS  AT  DIFFERENT  DROPLET  SIZES 

Scattered  light  intensities  according  to  Mie’s  theory  can 
be  calculated  using  for  instance  the  computer  code  pub¬ 
lished  by  Bohren  and  Huffman  (1983).  A  dimension¬ 
less  representation  of  the  intensities  leads  to  gain  fac¬ 
tors  as  defined  by  van  der  Hulst  (1981).  Here  the  gain 
factors,  which  are  proportional  to  the  intensity  in  the 
plane  perpendicular  to  the  polarisation  of  the  incident 
light  are  used  as  a  measure  for  the  scattered  intensities. 
Angular  distributions  of  the  gain  factor  in  the  region 
of  the  rainbow  maximum  are  shown  in  Fig.  1  for  three 
droplets  with  different  sizes.  In  all  three  diagrams  a  ver- 
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Figure  1:  Gain  factors  3  as  a  function  of  scatter¬ 
ing  angle  6  representing  the  intensity  distribution  of 
the  scattered  light  in  the  region  of  the  first  rainbow. 
Shown  are  results  for  three  different  droplet  diame¬ 
ters  dr-  The  diameters  are  from  top  to  bottom  dr  = 
5000  fim,  500  ^m,  andSO  /im.  The  refractive  index  was  in 
aU  cases  m  =  1.33 


tical  dashed  line  indicates  the  result  for  the  rainbow  po¬ 
sition  according  to  Descartes.  The  refractive  index  was 
m  =  1.33  in  aU  cases.  In  the  top  diagram  the  result 
for  a  rather  large  droplet  with  the  diameter  dr  =  5  mm 
is  shown.  As  can  be  seen  the  main  maximum  of  the 
rainbow  is  rather  sharp  and  very  close  to  the  result  ac¬ 
cording  to  Descartes.  If  the  droplet  is  ten  times  smaller 
the  main  maximum  has  broadened  and  the  position  has 
shifted  to  larger  angles  as  can  be  seen  in  the  diagram 
in  the  middle  of  Fig.  1.  In  addition  a  tipple  structure 
becomes  visible.  The  angular  distance  between  neigh¬ 
bouring  maxima  of  the  ripples  is  a  measure  for  droplet 
size  as  shown  by  Anders  et  a.  (1993).  If  the  droplet  size 


is  decreased  furthermore  the  main  maximum  is  broad¬ 
ened  and  shifted  further  away  from  Descartes’  results 
as  shown  in  the  last  diagram  of  Fig.  1  for  a  droplet  with 
dr  =  50  lira. 

3  FILTERED  INTENSITY  DISTRIBUTIONS 

According  to  Airy’s  theory  the  position  of  the  main 
maximum  of  the  rainbow  depends  on  droplet  size.  How¬ 
ever,  the  ripple  structure  found  is  not  explained  by 
Airy’s  theory.  Therefore  the  position  of  the  maximum 
found  in  experiments  or  in  Mie  calculations  is  not  nec¬ 
essarily  in  agreement  with  the  position  derived  from 
Airy’s  theory.  The  ripple  structure  with  its  high  fre¬ 
quency  can  be  eliminated  using  an  appropriate  digitcJ 
filter.  The  characteristic  of  such  a  filter  is  shown  in 


Figure  2:  Characteristic  of  a  digital  filter  used  to  filter 
the  intensity  distributions  in  the  region  of  the  rainbow. 
For  g  =  1  the  corresponding  frequencies  will  stiU  be 
found  in  the  filtered  distributions  and  for  g  =  0  the 
frequencies  wiU  not  be  found  there. 


Fig.  2.  The  value  of  g  indicates  how  much  a  selected 
frequency  /  within  the  initial  intensity  distribution  is 
influenced  by  the  filter.  For  g  =  1  there  is  no  influ¬ 
ence  of  the  filter  and  for  g  =  0  the  frequency  is  filtered 
totally  and  cannot  be  found  in  a  Fourier  transform  of 
the  filtered  intensity  distribution.  The  filter  used  here 
is  rather  sharp.  It  is  a  low  pass  filter,  which  filters  the 
original  intensity  distribution  in  such  a  way,  that  the 
high  frequency  ripple  strutcure  found  in  the  intensity 
distribution  disappears  in  the  filtered  distribution.  An 
example  of  the  effect  of  the  filtering  process  is  shown  in 
Fig.  3.  In  the  top  diagram  of  Fig.  3  the  intensity  distri¬ 
bution  in  the  region  of  the  rainbow  is  shown  for  a  droplet 
with  the  diameter  dx  =  99.92  lira  and  the  refractive  in¬ 
dex  m  =  1.33.  The  dashed  line  indicates  the  rainbow 
position  according  to  Descartes  whereas  the  dotted  line 
represents  Airy’s  result.  As  can  be  seen  Airy’s  result 
seems  to  be  a  better  estimation  of  the  position  of  the 
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is  discussed  in  the  next  section. 
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Figure  3:  Shown  are  three  diagrams  which  demonstrate 
the  eveJuation  techniques  applied  to  the  intensity  dis¬ 
tributions  in  the  rainbow  region.  In  the  diagram  at  the 
top  the  gain  factor  representing  the  intensity  distribu¬ 
tion  itself  is  shown  for  the  refractive  index  m  =  1.33 
and  the  droplet  diameter  dr  =  99.92 /im.  The  squared 
symbol  indicates  the  maximum  of  the  distribution.  In 
the  diagram  below  the  filtered  intensity  distribution  is 
shown.  The  triangled  symbol  indicates  the  maximum 
of  the  filtered  distribution.  In  the  diagram  at  the  bot¬ 
tom  the  derivative  of  the  filtered  intensity  distribution 
is  shown.  The  circled  symbol  indicates  the  maximum  of 
the  derivative  of  the  filtered  distribution.  The  vertical 
dashed  lines  lines  mark  the  results  for  the  rainbow  an¬ 
gle  according  to  Descartes’  formula.  The  vertical  dotted 
lines  lines  mark  the  results  for  the  rainbow  angle  accord¬ 
ing  to  Airy. 

main  maximum  of  the  rainbow  but  it  is  not  identical 
with  the  maximum  of  the  intensity  distribution.  If  the 
ripple  structure  is  eliminated  using  a  digital  filter  the 
diagram  in  the  middle  of  Fig.  3  is  obtained.  The  max¬ 
imum  of  the  filtered  intensity  distribution  is  taken  as 
rainbow  position.  This  maximum  is  close  to  the  rain¬ 
bow  position  according  to  Airy.  The  derivative  dgpli^ 
of  the  filtered  distribution  is  shown  in  the  diagram  at 
the  bottom  of  Fig.  3.  Extrema  of  this  derivative  indicate 
points  of  inflection  of  the  filtered  distribution.  As  can  be 
seen  in  the  diagram  one  maximum  is  close  to  the  rain¬ 
bow  position  according  to  Descartes.  This  maximum  is 
related  to  the  point  of  inflection  of  the  filtered  intensity 
distribution  found  at  the  increase  up  to  the  main  max¬ 
imum.  As  this  point  of  inflection  is  close  to  the  results 
according  to  Descartes  it  may  be  insensitive  to  droplet 
size.  The  influence  of  droplet  size  on  this  inflection  point 


4  RAINBOW  POSITION  AND  DROPLET  SIZE 

Calculations  of  the  scattered  intensity  where  performed 
for  scattering  angles  120“  <  6  <  170“  for  droplets  with 
diameters  10  fiva.  <  di-  <  300  ^m.  As  described  above 
there  are  different  ways  to  define  rainbow  positions  of 
each  intensity  distribution  in  order  to  determine  the  re¬ 
fractive  index.  As  shown  above  different  rainbow  posi¬ 
tions  are  obtained  for  different  evaluation  techniques. 
The  simplest  way  is  taking  the  position  6rm  of  the  ab¬ 
solute  intensity  maximum  in  the  region  of  the  rainbow. 
Results  are  shown  for  the  refractive  index  m  =  1.33 
as  a  function  of  droplet  diameter  dr  in  Fig.  4.  The  re- 


Figure  4:  Position  0rm  of  the  maximum  of  the  inten¬ 
sity  distribution  in  the  rainbow  region  as  a  function  of 
droplet  diameter  dr-  The  refractive  index  was  m  =  1.33. 
Comparisons  are  made  with  the  theories  of  Descartes 
and  Airy. 

suiting  rainbow  positions  0rm  are  close  to  the  rainbow 
position  according  to  Airy.  This  rather  simple  evalu¬ 
ation  technique  leads,  however,  to  large  fluctuations  of 
the  rainbow  position  0rm  .  These  fluctuations  are  partly 
caused  by  the  ripple  structure  of  the  intensity  distribu¬ 
tion.  The  evaluation  of  the  filtered  distribution  gives 
obviously  better  results  as  can  be  seen  in  Fig.  5.  In  this 
figure  the  positions  of  the  maxima  of  the  filtered  inten¬ 
sity  distribution  are  shown  as  a  function  of  the  droplet 
size.  The  resulting  rainbow  positions  6rfm  are  again 
close  to  results  of  Airy’s  formula.  Most  values  found  are 
smaller  than  Airy’s  results.  The  amplitude  of  the  fluc¬ 
tuations  decreases  with  increasing  droplet  size.  A  closer 
look  at  the  fluctuations  shows  a  regular  structure  as  can 
be  seen  in  the  enlarged  view.  More  about  these  fluctua¬ 
tions  is  found  in  papers  of  Ashkin  and  Dziedzic  (1971) 
or  Roth  et  a.  (1994).  The  positions  of  the  maxima  of 
the  filtered  intensity  distribution  are  size  sensitive  like 
Airy’s  results.  Finally  the  positions  9rfw  of  the  point 
of  inflection  as  described  above  were  calculated.  The 
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Figure  5:  Position  6rfm  of  the  maximum  of  the  inten¬ 
sity  distribution  in  the  rainbow  region  as  a  function  of 
droplet  diameter  dr  -  The  refractive  index  was  m  =  1.33. 
Comparisons  are  made  with  the  theories  of  Descartes 
and  Airy.  In  the  enlarged  view  the  regularity  of  the  os¬ 
cillations  can  be  recognized. 
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Figure  6;  Position  Orfw  of  the  maximum  of  the  inten¬ 
sity  distribution  in  the  rainbow  region  as  a  function  of 
droplet  diameter  dr-  The  refractive  index  was  m  =  1.33. 
Comparisons  are  made  with  the  theories  of  Descartes 
and  Airy. 

results  are  shown  in  Fig.  6.  The  positions  Srfw  of  the 
point  of  inflection  cire  apart  from  minor  fluctuations  size 
insensitive  and  are  found  to  be  close  to  the  rainbow  an¬ 
gle  obtained  by  Descartes’  theory.  These  fluctuations 
of  6rfw  found  by  Vcirying  the  droplet  size  are  similar 
to  the  fluctuations  of  the  position  ^rfm  of  the  maxi¬ 
mum  of  the  filtered  intensity  distribution.  Their  ampli¬ 
tudes,  however,  are  shghtly  smaller.  They  increase  if  the 
droplet  size  decreases.  The  regularity  of  these  fluctua¬ 
tions  may  stiU  be  recognized,  but  it  can  not  be  seen  as 
clearly  as  the  regularity  of  the  fluctuations  of  Orfm- 
The  fluctuations  may  be  considered  in  this  con¬ 
text  as  statistical  fluctuations  as  their  period  is  very 
short  as  shown  by  Roth  et  a.  (1994).  Even  changes  in 
droplet  diameter  of  less  than  200  nm  result  in  positions 


6rfm  and  ^rfw  within  the  whole  range  of  the  ampli¬ 
tudes  of  the  fluctuations  around  the  considered  diam¬ 
eter.  To  perform  a  statistical  evaluation  of  results  as 
shown  in  Fig.  6  mean  values  6r  and  standard  devia¬ 
tions  CTR  of  the  positions  Brm,  Srfm  and  Srfw  were 
calculated  within  small  intervals  Ad  of  the  droplet  di¬ 
ameter.  The  width  Ad  was  10  %  of  the  diameter  at 
which  the  mean  values  and  standard  deviations  were 
calculated.  This  means  that  for  a  droplet  diameter  of 
dx  —  30  fiXR  for  instance  the  positions  of  the  rainbow 
at  diameters  28.5  /im  <  dx  <  31.5  fim  were  taken  into 
account  for  the  calculations.  Results  of  these  calcula- 


dxj  iim 

Figure  7:  Differences  between  the  rainbow  angle  Brq 
according  to  Descartes  and  the  mean  rainbow  angles 
^ RM ,  d RF M ,  sx\.d6 RFw  obtained  by  different  evaluation 
techniques  of  the  intensity  distributions  near  the  rain¬ 
bow  angle  as  a  function  of  droplet  size.  The  refractive 
index  was  m  =  1.33. 

tions  are  shown  in  Fig.  7.  In  this  diagram  the  differ¬ 
ences  between  the  mean  values  and  the  size  indepen¬ 
dent  rainbow  position  6rc  according  to  Descartes  are 
plotted  over  the  droplet  diameter.  The  results  for  the 
position  of  the  maxima  of  the  non-flltered  intensity  dis¬ 
tribution  A6rm  =  6rm  -  6rc  and  of  the  filtered  inten¬ 
sity  distribution  ABrfm  =  6rfm  —  Orc  show  even  at 
a  droplet  diameter  of  dx  =  300  ^m  a  significant  dif¬ 
ference  to  the  dashed  marked  zero  line.  For  smaller 
droplets  this  difference  increases  monotonically.  This 
behaviour  shows  clearly  the  size  sensitivity  of  the  po¬ 
sitions  6rm_  and  6rfm-  The  results  for  the  position 
^8rfw  =  6rfw  —  0RG  of  the  inflection  point  is  very 
close  to  the  zero  line  except  for  rather  small  droplets. 
This  shows,  that  the  new  method,  which  characterizes 
the  intensity  distribution  in  the  rainbow  region  by  the 
position  of  the  inflection  point  as  described  above  is 
size  insensitive  in  a  large  range  of  droplet  diameters. 
In  experiments  only  the  rainbow  has  to  be  evaluated 
then.  Without  knowing  the  droplet  size  the  refractive 
index  can  be  determined  using  Descartes’  formula.  A 
measure  or  estimation  for  the  amplitudes  of  the  fluc¬ 
tuations  around  the  mean  values  of  the  rainbow  angle 
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Figure  8:  Standard  deviations  (trm  ,  o-rfm  ,  BJidcTRpw 
obtained  by  different  evaluation  techniques  of  the  in¬ 
tensity  distributions  in  the  rainbow  angle  as  a  function 
of  droplet  size.  The  refractive  index  was  m  =  1.33. 

give  the  standard  deviations  (7r  shown  in  Fig.  8.  Shown 
are  standard  deviations  obtained  by  aU  three  evaluation 
techniques,  where  aRM  is  derived  from  the  maxima  of 
the  intensity  distribution,  <trfm  from  the  maxima  of 
the  filtered  distribution,  and  itrfw  from  the  inflection 
point  of  the  filtered  distribution.  As  cein  be  seen  the 
smaller  the  droplet  diameter  the  larger  the  standard 
deviation.  It  has  to  be  noticed,  that  the  standard  devi¬ 
ation  of  the  size  insensitive  method  ctrfw  is  approxi¬ 
mately  twice  as  large  as  vrfm-  However,  orm  reaches 
up  to  four  times  larger  values  as  ctrfm-  If  the  refrac¬ 
tive  index  has  to  be  determined  with  a  higher  accuracy 
the  amplitude  of  the  fluctuations  should  be  low.  There¬ 
fore  the  rainbow  angle  6rfm  with  the  lowest  amplitudes 
has  to  be  determined.  But  in  this  case  the  droplet  size 
has  to  be  measured  in  addition.  This  causes  a  more 
complex  experimental  setup  and  additional  evaluation 
time.  As  the  tcdnbow  angles  6rm  and  Grfm  are  close 
but  not  exactly  equal  to  Airy’s  results  experimental  or 
theoretical  calibrations  have  to  be  performed.  Instead  of 
the  calibrations  an  empirical  method  may  be  developed 
to  model  the  difference  between  Airy’s  results  6ra  and 
Grm  or  Grfm-  For  faster  evaluation  by  omitting  the  fil¬ 
tering  process  just  the  position  Grm  may  be  determined 
if  a  very  low  accuracy  is  acceptable.  The  main  advan¬ 
tage  of  using  the  rainbow  angle  Grfw  is,  that  no  size 
measurements  have  to  be.  performed  while  the  results 
have  medium  accuracy. 

If  the  refractive  index  is  varied  results  of  the  size 
insensitive  evcduation  technique  remain  stUl  close  to  the 
rainbow  angle  obtained  by  Descartes.  In  Fig.  9  the  size 
insensitive  rainbow  angle  Grfw  is  shown  as  a  function 
of  the  refractive  index  m  for  droplets  with  the  diameter 
dr  =  100  /im.  These  results  are  compared  with  results 
according  the  theories  of  Airy  and  Descartes.  In  the  en¬ 
larged  view  it  can  clearly  be  seen,  that  Grfw  is  close  to 
the  rainbow  angle  according  to  Descartes.  A  lot  of  addi¬ 
tion^  calculation  not  shown  here  give  the  same  results. 
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Figure  9:  Size  insensitive  rainbow  angle  Grfw  as  a  func¬ 
tion  of  refractive  index  m  compared  with  the  theories  of 
Airy  and  Descartes.  The  droplet  size  was  dr  =  100  fim. 

5  CONCLUSIONS 

It  was  shown,  that  different  droplet  sizes  show  different 
intensity  distributions  of  the  scattered  light  in  the  rain¬ 
bow  region.  Three  different  evalution  techniques  were 
discussed  to  determine  a  rainbow  position  for  an  inten¬ 
sity  distribution.  Two  techniques  are  size  sensitive  and 
therefore  the  droplet  diameter  has  to  be  measured  in  ad¬ 
dition  if  the  refractive  index  is  to  be  determined.  One 
method  uses  the  position  Grm  of  the  absolute  maximum 
of  the  intensity  distribution.  This  evaluation  is  rather 
fast  but  results  in  a  low  accuracy  for  smaller  droplet 
diameters.  The  other  size  sensitive  method  is  to  filter 
the  intensity  distribution  and  to  determine  the  position 
Grfm  of  the  maximum  of  the  filtered  distribution.  This 
method  results  in  the  highest  accuracy  but  the  evalua¬ 
tion  time  is  longer.  Both  size  sensitive  methods  need  a 
calibration  process  in  advance  to  perform  a  correlation 
to  the  results  according  to  Airy’s  formula.  If  the  position 
Grfw  of  the  inflection  point  of  the  filtered  intensity  dis¬ 
tribution  is  taken  as  rainbow  angle  it  was  found,  that  in 
a  large  range  of  droplet  diameter  this  position  is  insensi¬ 
tive  to  droplet  size.  Therefore  a  size  measurement  is  not 
necessary  and  the  size  independent  formula  of  DescMtes 
c«in  be  applied  to  determine  the  refractive  index.  The 
accuracy,  however,  is  not  as  good  as  with  the  maximum 
of  the  filtered  function.  The  main  <idvantage  is  the  size 
insensitivity.  In  many  cases  the  size  measuring  method 
is  sensitive  to  the  refractive  index.  Then  in  a  first  step 
the  refractive  index  has  to  be  determined  in  measuring 
Grfw-  In  a  second  step  the  droplet  size  can  be  deter¬ 
mined  using  the  refractive  index  already  measured.  If 
a  higher  accuracy  in  the  refractive  index  is  desired  the 
droplet  diameter  may  be  used  to  get  a  better  result.  In 
future  work  these  theoretical  investigations  should  be 
applied  in  experiments  to  get  accurate  measurements  of 
droplet  size  and  refractive  index  in  a  feist  and  convenient 
way. 
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ABSTRACT 

A  virtual  rainbow  signal  processor  has  been  developed  to 
increase  the  reliability  and  accuracy  of  the  in-situ  droplet 
refractive  index  measurement,  and  hence  the  temperature 
measurement,  in  reactive  and  non-reactive  sprays.  The  virtual 
processor  makes  use  of  the  Airy  theory  to  accurately  extract 
both  droplet  size  and  refractive  index  information  from  fully 
digitized  rainbow  signals.  Several  signal  parameters  are 
measured,  and  a  data  validation  logic  is  used,  to  establish 
confidence  in  the  measurements.  When  used  in  conjunction 
with  a  phase  Doppler  system,  the  redundant  size  measurement 
provided  by  the  rainbow  refractometer  serves  to  minimize 
refractive  index  measurement  errors  that  could  result  from 
droplet  non-sphericity  and  droplet  inhomogeneity.  The  virtual 
signal  processor  has  been  applied  to  rainbow  signals  obtained 
from  a  stream  of  monodisperse  water  droplets  generated  by  a 
vibrating  orifice  droplet  generator  as  well  as  from  polydisperse 
droplets  in  a  water  spray.  The  results  show  that  the  post¬ 
processing  approach  used  yields  refractive  index  and 
temperature  measurement  accuracies  that  are  about  3-4  times 
better  than  that  achievable  with  the  peak-detection  based  real 
time  rainbow  signal  processor. 

1.  INTRODUCTION 

The  availability  of  the  phase  Doppler  instrument  has 
permitted  simultaneous  measurement  of  droplet  size  and 
velocity  of  fuel  droplets  in  complex  spray  flames  [Edwards 
and  Rudoff,  1990;  Presser  et  al.,  1990].  These  studies  have 
contributed  to  an  increased  understanding  of  the  behavior  of 
droplet  dynamics  and  other  droplet-gas  phase  interactions  in 
spray  flames  as  well  as  the  effect  of  fuel  properties  on  the 
structure  of  swirling  spray  flames.  However,  in  order  to 
obtain  a  better  understanding  of  the  complex  droplet  heating 
and  evaporation  process  in  spray  flames,  it  is  also  necessary  to 
measure  the  fuel  droplet  temperatures. 

Recently,  Sankar  et  al.  (1993)  completely  integrated  a 
rainbow  refractometer  to  a  conventional  phase  Doppler  system 
yielding  a  single  diagnostic  for  the  simultaneous  measurement 
of  droplet  velocity,  size,  and  refractive  index  in  spray 


environments.  Rainbow  refractometry  takes  advantage  of  the 
fact  that  the  main  rainbow  angle  is  a  function  of  the  refractive 
index  of  the  droplet.  Therefore,  by  measuring  the  location  of 
the  main  rainbow  with  a  linear  array  detector,  such  as  a  CCD, 
the  refractive  index  of  the  droplet  can  be  determined  (Roth  et 
al.,  1990).  For  particles  less  than  about  150  pm  in  diameter, 
the  rainbow  location  exhibits  a  dependence  on  the  droplet  size 
as  well  as  on  the  droplet  refractive  index.  However,  by 
independently  measuring  the  droplet  size  with  a  phase 
Doppler  instrument,  the  size  dependence  can  be  properly 
accounted  for.  The  feasibility  of  using  this  integrated 
diagnostic  instmment  for  droplet  size,  velocity,  and 
temperature  measurement  has  also  been  demonstrated  by 
Sankar  et  al.  (1994a). 

The  rainbow  refractometer/thermometer  used  in  the 
studies  by  Sankar  et  al.  incorporated  a  rainbow  signal 
processor  that  basically  performs  a  real-time  peak  detection  on 
the  CCD  output  to  locate  the  main  rainbow  location.  In 
addition  to  the  rainbow  location,  the  signal  amplitude  at  that 
location  is  also  digitized.  The  drawback  with  this  signal 
processor  is  that  it  works  well  only  for  clean,  noise-free 
rainbow  signals.  The  inherent  presence  of  high  frequency 
oscillations  on  the  rainbow  signature,  droplet  non-sphericity, 
droplet  inhomogeneity,  false  gating,  and  multiple  droplets  all 
give  rise  to  noisy  or  distorted  rainbow  signatures  which  cannot 
be  detected  and  rejected  by  a  peak  detection  based  system. 

This  paper  describes  the  development  of  an  advanced 
rainbow  signal  processor  which  provides  improved 
measurement  accuracy  when  compared  to  the  peak  detection 
based  real-time  rainbow  signal  processor.  The  newly 
developed  processor  performs  real  time  peak  detection,  but  at 
the  same  time,  digitizes  and  saves  the  entire  rainbow  signal  for 
each  droplet  in  the  onboard  memory  of  the  processor.  During 
post-processing,  various  digital  filtering  and  validation  criteria 
are  implemented  to  clean  the  signal  and  to  reject  the  bad 
signals.  As  a  result,  the  droplet  temperature  measurement 
accuracy  is  significantly  improved.  The  improved  processor 
has  been  applied  to  process  rainbow  signals  obtained  from 
monodisperse  droplet  streams  as  well  as  in  a  water  spray.  The 
general  details  of  the  advanced  processor  and  the  results 
obtained  from  the  experimental  measurements  are  presented  in 
this  paper. 
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2.  RAINBOWS 

The  occurrence  of  rainbows  can  be  understood  with  the 
help  of  the  simple  geometrical  optics  based  theory  proposed 
by  Descartes  several  hundred  years  ago  (Nussenzveig,  1977). 
Using  geometrical  optics  assumptions,  the  scattering  of  light 
by  spherical  particles  can  be  described  as  a  combination  of 
diffraction,  external  reflection,  refraction,  and  refraction 
occurring  after  multiple  internal  reflections.  Furthermore, 
adopting  van  de  Hulst's  (1957)  notation,  p=0  refers  to 
externally  reflected  light,  p=I  refers  to  refracted  rays,  p=2 
refers  to  rays  that  emerge  from  the  droplet  after  undergoing 
one  internal  reflection,  and  so  on.  For  each  order  scattered  ray, 
the  scattering  angle  bears  a  definite  relationship  to  the  incident 
angle.  The  location  of  the  primary  rainbow  can  then  be 
understood  to  correspond  to  that  scattering  angle  at  which  the 
angular  relationship  for  p=2  goes  through  an  extremum.  At 
the  rainbow  angle,  the  scattered  intensity  achieves  a  local 
maximum.  To  one  side  of  the  rainbow  angle  is  a  shadow 
region  into  which  no  rays  emerge  and  to  the  other  side  is  a  lit 
region.  Similarly,  the  secondary  rainbow  corresponds  to  the 
scattering  angle  extremum  for  p=3  rays.  For  example,  for 
water  droplets,  the  primary  and  the  secondary  rainbows  occur 
at  scattering  angles  of  137.9°  and  128.8°,  respectively.  The 
dark  region  between  the  primary  and  the  secondary  rainbow  is 
historically  known  as  Alexander's  dark  band.  Rainbows  of 
order  greater  than  p=3  can  also  be  present,  but  in  general,  are 
very  weak  in  intensity. 

Several  characteristics  of  the  rainbow  cannot  be 
adequately  explained  with  the  geometrical  optics  based  theory, 
for  example,  the  presence  of  supernumerary  arcs  on  the  lighted 
side  of  the  primary  and  secondary  rainbows.  The  occurrence 
of  supernumerary  arcs  was  explained  by  Young  as  resulting 
from  interference  (Nussenzveig,  1977).  They  occur  as  a  result 
of  interference  between  two  different  rays  of  the  same  order 
emerging  in  the  same  direction.  Thus,  at  any  given  angle 
slightly  greater  than  the  rainbow  angle,  the  scattered  light 
includes  rays  that  have  followed  two  different  paths  through 
the  droplet.  To  further  complicate  the  situation,  the 
interference  of  the  internally  reflected  rays  with  externally 
reflected  (p=0)  rays  gives  rise  to  high  frequency  intensity 
oscillations  that  are  superimptosed  upon  the  supernumerary 
fringes.  The  pattern  of  the  supernumerary  arcs  and  the  high 
frequency  oscillations  are  therefore  a  function  of  the  droplet 
size. 

Both  the  Descartes  and  Young  rainbow  theories  predict 
that  the  rainbow  angle  is  independent  upon  the  droplet  size 
and  that  the  intensity  is  infinite  at  the  rainbow  angle.  In  the 
geometric  analysis  of  Descartes,  intensity  is  infinite  at  the 
rainbow  angle  but  it  declines  smoothly  (without 
supernumerary  arcs)  on  the  lighted  side  and  falls  off  abruptly 
to  zero  on  the  dark  side.  Young’s  theory  predicts 
supernumerary  arcs  but  retains  the  sharp  transition  from 
infinite  to  zero  intensity. 

Subsequently,  Airy  (1838)  made  use  of  Huygen’s  wave 
propagation  principle  to  describe  the  intensity  of  the  scattered 
light  in  neighborhood  of  the  rainbow.  The  Airy  theory  does 


not  reach  an  infinite  intensity  at  any  point.  Also,  the  Airy 
theory,  unlike  Descartes  and  Young  theories,  predicts  that  the 
maximum  intensity  of  the  rainbow  falls  at  an  angle  somewhat 
greater  than  the  Descartes  rainbow  angle.  Furthermore,  the 
Airy  rainbow  angle  is  a  function  of  droplet  size.  However,  at 
the  Descartes  rainbow  angle  (or  geometric  rainbow  angle),  the 
intensity  predicted  by  the  Airy  theory  is  approximately  45%  of 
the  main  maximum  (van  de  Hulst,  1957). 

The  Airy  theory  is  strictly  asymptotic,  i.e.,  its  valid 
only  for  drops  very  much  larger  than  the  wavelength  of  light. 
On  the  contrary,  the  Lorenz-Mie  light  scattering  theory 
provides  an  exact  description  of  the  rainbow  for  droplets  of  all 
sizes  (van  de  Hulst,  1957).  This  theory  provides  a  rigorous 
analytic  solution  of  the  scattering  of  light  by  a  homogeneous 
sphere  of  any  size  and  refractive  index,  and  therefore,  provides 
a  detailed  description  of  the  rainbow  produced  by  a  spherical 
droplet.  Figure  1  presents  the  computed  variation  of  the 
scattered  light  intensity  in  the  neighborhood  of  the  primary 
and  secondary  rainbows.  The  computations  were  performed 
using  the  Lorenz-Mie  theory  for  a  water  droplet  (m=1.33) 
having  a  diameter  of  150  |im.  The  wavelength  of  the 
illuminating  light  source  was  assumed  to  be  514.5  nm.  The 
important  rainbow  characteristics  such  as  the  locations  of  the 
primary  and  secondary  bows,  the  dark  band,  the 
supernumerary  fringes,  and  the  high  frequency  oscillations 
that  ride  on  the  low  frequency  oscillations  have  been 
identified  in  Fig.  1 . 


Scanering  Angle  (deg.) 


Figure  1:  Computed  variation  of  the  scattered  light  intensity 
in  the  neighborhood  of  the  primary  and  secondary  rainbows 
for  a  water  droplet  (m=1.33)  having  a  diameter  of  150  pm  and 
illuminated  by  a  light  source  having  a  wavelength  of  514.5 
nm. 
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Certain  transformations  of  the  Mie  series  lead  to  the  Airy 
formulas  for  the  rainbows.  Wang  and  van  de  Hulst  (1991) 
have  made  direct  comparisons  between  the  more  rigorous 
Lorenz-Mie  computations  and  the  asymptotic  Airy  theory  to 
determine  the  particle  size  limit  at  which  deviations  become 
visible.  Their  study  has  shown  that,  contrary  to  what  has 
often  been  thought,  the  Airy  theory  starts  to  be  useful  at 
relatively  small  droplet  sizes.  For  droplets  as  small  as  20  pm, 
the  Airy  approximation  is  still  useful  in  identifying  the  main 
rainbow  peak  for  refractive  indices  greater  than  1.33.  This 
finding  justifies  the  use  of  the  Airy  theory  for  droplet 
refractive  index  and  size  measurement  (for  particles  greater 
than  about  20  pm)  in  rainbow  refractometry. 

3.  INTEGRATED  DIAGNOSTICS 

The  details  of  the  integrated  phase  Doppler/rainbow 
refractometer  that  has  been  developed  for  the  simultaneous 
measurement  of  droplet  size,  velocity,  and  refractive  index 
(temperature)  for  spray  applications  have  been  provided  by 
Sankar  et  al.  (1993,  1994).  The  optical  system  basically 
consists  of  a  single  transmitting  module,  a  phase  Doppler 
receiver,  and  a  rainbow  receiver  as  shown  in  Fig.  2.  The 
optical  transmitter  provides  the  necessary  laser  beams  for 
conducting  phase  Doppler  interferometry  and  rainbow 
thermometry.  The  phase  Doppler  receiver  is  placed  in  the 
forward  scatter  direction  at  a  scattering  angle  of  about  30“. 
The  rainbow  receiver  is  placed  diametrically  opposite  to  the 
phase  Doppler  receiver  at  a  scattering  angle  of  about  150“. 
The  receiver  module  of  the  phase  Doppler  system  is  identical 
to  that  used  conventionally.  On  the  other  hand,  the  optical 
rainbow  receiver  basically  consists  of  a  system  of  lenses  for 
imaging  the  rainbow  pattern  onto  a  linear  CCD  array. 


Figure  2:  Optical  configuration  of  the  integrated  diagnostics. 

The  major  components  of  the  electronics/opto-electronics 
system  includes  a  CCD  based  imaging  board,  a  gate  control 
system,  data  acquisition/signal  processing  board  for  real-time 
processing  of  the  rainbow  signals,  and  a  frequency  domain 
based  signal  processor  for  processing  the  Doppler  signals.  The 
CCD  output  is  sampled  and  digitized  by  a  dedicated  real-time 
rainbow  signal  processor.  As  discussed  earlier,  the  rainbow 
signals  contain  high  frequency  components  which  would  be 
undesirable  if  the  rainbow  peaks  are  to  be  determined  directly. 
However,  the  rainbow  signal  processor  contains  a  digital  filter 
for  minimizing  the  adverse  effects  of  the  high  frequency 
oscillations.  The  rainbow  peak  location  and  intensity  of  the 
rainbow  are  available  for  transfer  to  the  data  acquisition 
computer  for  further  analysis  and  post  processing. 


The  real-time  rainbow  processor  based  instrument  has 
been  applied  to  a  variety  of  applications  such  as  the 
temperature  measurement  of  isolated,  burning  n-heptane 
droplets  in  motion  (Sankar  et  al.,  1994b),  droplet  temperature 
measurement  in  a  swirl-stabilized  kerosene  spray  flame 
(Sankar  et  al.,  1994a),  and  the  study  of  liquid-liquid  mixing  in 
sprays  (Sankar  et  al.,  1995).  The  major  advantage  of  the  real¬ 
time  rainbow  processor  is  the  speed;  it  can  process  the  data  at 
a  speed  of  10  KHz.  While  the  real-time  rainbow  processor 
performs  well  with  ideal  signals,  such  as  from  a  stream  of 
monodisperse  droplets,  the  measurement  uncertainty  is  high 
when  it  is  applied  to  complex  sprays  where  the  presence  of 
multiple  particles  in  the  probe  volume,  random  trajectories 
through  the  probe  volume,  non-spherical  particles,  oscillating 
droplets,  inhomogeneous  droplets,  and  noise  can  give  rise  to 
distorted  rainbow  signatures. 

Figures  3-5  show  typical  rainbow  signals  that  were 
obtained  in  a  water  spray.  Figure  3  is  an  example  of  a  rainbow 
signal  with  good  SNR  whereas  Fig.  4  shows  a  distorted 
rainbow  signal  which  could  be  due  to  droplet  non-sphericity 
or  multiple  droplets  in  the  probe  volume,  and  Fig.  5  shows  a 
rainbow  signal  with  low  SNR.  In  each  of  these  cases,  the  real¬ 
time  rainbow  processor  would  yield  a  rainbow  location  which 
would  be  grossly  different  from  the  actual  rainbow  location. 
To  overcome  the  limitations  of  the  real-time  processor,  an 
advanced  signal  processor  is  required  which  can  reliably 
identify  good  rainbow  signals  and  improve  the  accuracy  of  the 
refractive  index  and  temperature  measurements. 
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Figure  3:  Typical  rainbow  signal  with  good  SNR  obtained  in 
a  water  spray.  The  droplet  diameter  as  measured  by  the  PDPA 
is  68.26  |im. 
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Figure  4:  Example  of  a  distorted  rainbow  signal  that  was 
obtained  in  a  water  spray.  The  distortion  could  be  due  to 
multiple  droplets  in  the  probe  volume  or  droplet  non¬ 
sphericity.  The  droplet  diameter  reported  by  the  PDPA  is 
14.13  pm. 
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a  water  spray.  The  droplet  diameter  as  measured  by  the  PDPA 
is  26.45  ^im. 

4.  VIRTUAL  RAINBOW  PROCESSOR 

In  order  to  perform  detailed  processing  of  the  rainbow 
signal,  it  is  necessary  to  capture  and  save  the  entire  rainbow 
signal  for  each  droplet  in  a  spray  application.  During  post¬ 
processing,  various  digital  such  as  those  based  on  the  FFT  can 
be  applied  to  remove  the  high  frequency  oscillations  and 
noise,  correlation  techniques  can  be  used  to  recognize  the 
characteristic  rainbow  signature,  and  sophisticated  peak  fitting 
algorithms  can  be  applied  for  increasing  the  measurement 
accuracy.  Though  time  consuming,  the  reliability  and  accuracy 
of  the  rainbow  refractometer/thermometer  measurements  can 
be  significantly  improved  using  this  approach.  A  hardware 
system  capable  of  digitizing  and  saving  the  8-bit,  2048  pixel 
output  of  the  CCD  for  each  droplet  has  been  developed.  This 
system  runs  in  parallel  with  the  real-time  peak  detection 
system.  The  hardware  system  has  on-board  memory  for 
recording  several  thousand  rainbow  signals  per  run.  At  the  end 
of  each  run,  the  digitized  rainbow  data  is  saved  as  a  TIFF 
image. 

A  virtual  signal  processor  has  also  been  developed  for 
analyzing  the  digitized  rainbow  signals.  We  call  it  “virtual” 
because  it  is  a  software  simulation  of  something  that  could  be 
done  much  faster  in  hardware  or  using  a  dedicated  DSP  sub¬ 
system.  Each  rainbow  signal  is  processed,  and  the  refractive 
index  and  droplet  diameter  information  is  inferred  purely  from 
the  rainbow  signal  making  use  of  the  Airy  theory.  As  a  final 
validation,  the  “rainbow  diameter”  is  compared  to  the  “PDPA 
diameter”.  If  the  two  answers  do  not  agree  to  within  an 
acceptable  tolerance,  the  data  is  rejected.  The  rejection  criteria 
is  believed  to  be  effective  in  eliminating  erroneous 
measurements  resulting  from  droplet  inhomogeneity,  droplet 
non-sphericity,  false  gating,  multiple  particles  in  the  probe 
volume,  and  noise. 

The  most  important  components  of  the  virtual  rainbow 
processor  are  the  adaptive  filtering  module,  the  computational 
module,  and  the  data  analysis  module.  The  adaptive  filtering 
module  implements  a  FFT  based  filtering  technique  to  remove 
the  high-frequency  oscillations  of  the  rainbow  signal  as  well 
as  the  noise.  Additionally,  the  power  spectrum  is  used  to 
compute  a  signal-to-noise  ratio  (SNR)  for  the  digitized 
waveform,  and  this  provides  a  means  for  eliminating  any 
waveform  which  does  not  meet  this  criteria. 


The  FFT  based  low-pass  filter  is  not  adequate  to  handle 
the  cases  where  the  signal  has  been  clipped  by  exceeding  255 
(the  8-bit  limit).  In  such  cases,  invariably  one  of  the  rounded 
comers  is  higher  than  the  other  and  the  estimate  finds  a  peak 
that  is  not  well  centered.  The  raw  signal  is  therefore  examined 
to  detect  any  “clipping”  of  the  signal.  For  clipped  signals, 
peak  detection  scheme  is  abandoned  in  favor  of  a  centroid 
detection  technique  wherein  the  location  of  the  sides  at  some 
prespecified  value  (like  200)  is  determined  and  the  half-way 
point  between  these  points  is  used  as  an  estimate  for  the 
rainbow  location. 

The  computational  module  performs  the  important 
function  of  both  analyzing  the  filtered  waveform  and  also 
detecting  if  the  waveform  is  a  valid  rainbow  waveform  based 
upon  certain  rules  derived  from  the  Airy  theory.  If  the 
digitized  waveform  passes  these  rules  then  it  is  assumed  to  be 
a  valid  rainbow  signal  and  is  further  processed  to  extract  both 
the  droplet  size  and  refractive  index  information. 

As  mentioned  earlier,  the  virtual  processor  makes  use  of 
the  Airy  theory  to  estimate  the  droplet  size  and  refractive 
index.  The  Airy  theory  defines  an  angle  a  which  is  a 
normalized  angular  deviation  from  the  geometric  rainbow 
angle  0^^  (van  Beeck  and  Riethmuller,  1995); 
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where  X  is  the  wavelength  of  the  incident  light,  D  is  the 
droplet  diameter,  0^^  is  the  size-independent  geometric 
(Descartes)  rainbow  angle,  and  is  the  incident  angle 
between  the  external  droplet  surface  and  the  incident  ray 
which  gives  rise  to  the  scattering  angle  The  relationship 
for  0^  and  are  as  follows: 
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Furthermore,  the  scattered  intensity  at  a  normalized  angle  a 
can  be  computed  using  the  Airy  or  rainbow  integral: 

F(a)  =  Jcos^i(a/-f^)£(f  (4) 

0  ^ 


By  computing  the  intensity  values  for  a  range  of  a  values,  a 
universal  rainbow  pattern  can  be  established.  Furthermore, 
the  a  values  corresponding  to  the  first  and  second  maxima  in 
this  universal  rainbow  signature  have  been  computed  by  van 
de  Hulst  (1957)  to  be  cti  =  1.08  and  a2  =  3.47.  Also,  it  can  be 
observed  from  Eq.(l)  that  when  a  =  0  then  0  =  0^^.  For  a  =  0, 
Eq.(4)  yields  that  F(a)  =  0.454.  This  observation  implies  that 
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the  size-independent  geometric  rainbow  angle  can  be  obtained 
from  the  digitized  rainbow  signal  by  low-pass  filtering  the 
signal,  measuring  the  intensity  at  the  first  maxima,  and  finding 
a  point  on  the  filtered  rainbow  signal  where  the  intensity  is 
45.4%  of  the  first  maxima.  This  directly  yields  the  geometric 
(Descartes)  rainbow  angle  0,^  which  can  be  used  along  with 
Eqs.  (2)  and  (3)  for  determining  the  droplet  refractive  index. 
This  approach  could  be  treated  as  a  size-independent  means  of 
determining  the  droplet  refractive  index  from  rainbow  signals. 
The  practical  problem  in  implementing  this  technique  is  that 
an  unknown  DC  shift  is  present  in  each  digitized  rainbow 
signal.  Therefore,  our  approach  for  measuring  the  geometric 
rainbow  angle  has  been  to  measure  the  locations  of  the  first 
and  second  maxima,  01  and  02,  from  the  low-pass  filtered 
signal.  From  Eq.(l)  we  get 
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which  can  be  solved  to  yield  the  size-independent  geometric 
rainbow  angle,  0rg,  which  can  be  used  to  compute  the 
refractive  index,  m..  Having  determined  0^  and  m,  the  droplet 
size  can  be  determined  using  Eq.(l).  A  similar  method  for 
droplet  size  and  refractive  index  measurement  from  the 
rainbow  signature  has  been  proposed  by  van  Beeck  and 
Riethmuller  (1995).  This  is  the  approach  used  in  the  virtual 
processor  for  droplet  size  and  refractive  index  measurement 
from  the  digitized  rainbow  signatures. 

The  final  function  of  the  virtual  rainbow  processor  is  to 
provide  the  results  and  the  associated  statistics.  Various  user 
controllable  data  acceptance/rejection  criteria  are  made 
available  from  the  control  panel.  This  includes  ability  to  set 
maximum  and  minimum  acceptance  limits  on  the  measured 
droplet  diameter,  peak  rainbow  location,  peak  intensity  level, 
covariance  factor  (obtained  by  cross-correlating  the  acquired 
rainbow  signal  with  a  theoretical  signal  that  is  generated  based 
upon  the  measured  droplet  size  and  refractive  index),  and 
SNR.  Only  signals  that  pass  all  these  validation  criteria  are 
accepted  as  valid  data.  This  implies  that  a  signal  can  pass  all 
the  acceptance  criteria  except  one  and  still  be  rejected.  To 
overcome  this  binary  acceptance  logic,  fuzzy  logic  based 
acceptance  criteria  are  currently  being  evaluated  and  will  be 
implemented  in  the  future. 

As  a  final  criteria,  the  droplet  size  inferred  from  the 
rainbow  signature  is  compared  with  that  provided  by  the  phase 
Doppler  system.  If  the  two  diameters  do  not  agree  to  within  a 
preset  tolerance,  the  data  is  rejected.  It  is  believed  that  any 
significant  disagreement  between  the  “rainbow  diameter  and 
the  “PDPA  diameter”  is  an  indication  that  the  droplet  might  be 
non-spherical  or  inhomogeneous,  van  Beeck  and  Riethmuller 
(1995)  have  observed  that  even  a  1%  deviation  from 
sphericity  can  cause  significant  errors  in  the  refractive  index 
measurements.  It  is  postulated  that  the  PDPA  will  not  have  the 
same  sensitivity  to  droplet  non-sphericity  (Bachalo  and 
Sankar,  1994)  and  therefore  the  difference  in  the  response 
characteristics  of  the  two  sizing  techniques  can  be  exploited  to 
recognize  droplet  non-sphericity.  The  same  logic  is  applied  to 


the  detection  and  rejection  of  droplets  exhibiting  radial 
inhomogeneity.  Schneider  and  Hirleman  (1994)  have  shown 
that  a  PDPA  configured  to  size  in  the  forward  scatter  direction 
is  not  very  sensitive  to  the  presence  of  droplet  radial 
inhomogeneity,  and  yields  sizing  errors  of  the  order  of  5%. 
However,  it  has  also  been  shown  by  them  that  the  rainbow 
pattern  (or  PDPA  sizing  at  backscatter  angles)  is  more 
sensitive  to  droplet  inhomogeneity  than  PDPA  sizing  in  the 
forward  scatter  angle.  Therefore,  it  is  believed  that  the 
“rainbow  diameter”  for  inhomogeneous  droplets  will  be 
different  from  the  “PDPA  diameter”  providing  a  means  for 
detecting  droplet  inhomogeneity.  Research  is  currently  being 
undertaken  to  satisfactorily  address  these  issues. 

5.  RESULTS 

The  integrated  diagnostic,  along  with  the  newly  developed 
virtual  rainbow  processor,  has  been  applied  to  analyze 
rainbow  signals  acquired  from  monodisperse  water  droplets 
generated  by  a  vibrating-orifice  generator,  and  also  from 
polydisperse  droplets  in  a  water  spray. 

5.1  Monodisperse  Droplets  Measurements 

Typical  refractive  index  and  size  histogram  obtained  for 
the  monodisperse  droplet  case  (123.3  pm  in  diameter)  are 
presented  in  Figs.  6,  7,  and  8,  respectively.  The  results  are 
excellent  with  a  data  acceptance  rate  of  100%.  The  measured 
mean  refractive  index  is  1.3332  and  the  standard  deviation  is 
only  0.00054.  The  full  scale  measurable  range  for  the  chosen 
optical  configuration  is  1.28  to  1.38.  This  shows  that  for  the 
monodisperse  droplets,  the  uncertainty  in  the  measured 
refractive  index  can  be  as  low  as  0.55%  (of  full  scale  range). 
Since  refractive  index  and  temperature  bear  a  nearly  linear 
relationship,  the  temperature  measurement  uncertainty  is  also 
0.55%.  The  mean  droplet  size  measured  with  the  PDPA  is 
124.5  pm  and  the  standard  deviation  is  0.4  pm,  Fig.7.  In 
comparison,  the  mean  droplet  diameter  obtained  from  the 
rainbow  signatures  is  122.3  pm  and  the  standard  deviation  is 
1 .7  pm.  Fig.  8.  Figure  9  shows  the  measured  “rainbow”  and 
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Figure  6:  Measured  refractive  index  histogram  for 
monodisperse  droplets  of  size  123.3  pm. 
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Figure  7:  PDF  A  measured  size  histogram  for  monodisperse 
droplets  of  size  123.3  |im.  The  mean  diameter  measured  is 
1 24.5  ^im  and  the  standard  deviation  is  0.4  fim. 
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Figure  8:  Rainbow  refractometer  measured  size  histogram  for 
monodisperse  droplets  of  size  123.3  |im.  The  mean  diameter 
measured  is  122.3  ptm  and  the  standard  deviation  is  1.7  pm. 


Figure  9:  Comparison  of  the  mean  droplet  diameters 
measured  from  the  rainbow  signals  and  by  the  PDPA. 
Monodisperse  droplets  of  known  size  were  generated  with  a 
vibrating  orifice  droplet  generator. 


“PDPA”  mean  diameters  versus  the  actual  diameters  for  a 
range  of  droplet  diameters  generated  by  the  monodisperse 
droplet  generator.  The  agreement  is  excellent. 

5.2  Water  Spray  Measurements 

A  typical  raw  signal  obtained  in  a  water  spray  is  presented 
in  Fig.  10.  The  low  pass  filtered  signal  is  also  presented  in 
Fig.  10.  In  Fig.  11  the  theoretical  rainbow  signal  generated 
with  the  Airy  theory  is  presented  along  with  low  pass  filtered 
signal  showing  good  agreement  between  the  two.  The 
measured  “PDPA”  and  “rainbow”  diameters  are  54.8  pm  and 

58.2  pm,  respectively,  and  the  measured  refractive  index  is 
1.3340.  Similar  results  are  presented  in  Figs.  12  and  13  for  a 
24.9  pm  droplet.  The  “rainbow  diameter”  is  25.4  pm  and  the 
refractive  index  is  1.3339. 

Figure  14  presents  a  typical  histogram  of  the  measured 
droplet  refractive  index  in  a  water  spray  using  the  real-time 
peak  detection  technique.  The  measured  mean  and  standard 
deviation  are  1.3335  and  0.0074,  respectively.  The 
measurement  uncertainty  based  upon  the  standard  deviation  is 
about  +/-  4.38%  of  the  full  scale  range  (1 .26  -  1 .43).  The  only 
data  validation  criteria  available  with  the  real-time  processor 
are  limits  on  the  peak  intensity  and  peak  location.  Applying 
this  criteria  we  were  able  to  validate  87.7%  of  the  200  rainbow 
signals.  Figure  15  presents  a  histogram  of  the  refractive  index 
after  processing  the  same  data  with  the  newly  developed 
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Figure  10;  Raw  signal  and  low-pass  filtered  rainbow  signal 
for  a  54.8  pm  (measured  by  the  PDPA)  droplet  in  a  water 
spray. 
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Figure  11:  Low-pass  filtered  rainbow  signal  (shown  in  Fig. 
10)  compared  with  the  Airy  signal  for  a  58.3  pm  droplet 
having  a  refractive  index  of  1.3340. 
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Figure  12:  Raw  signal  and  low-pass  filtered  rainbow  signal 
for  a  24.9  p-m  (measured  by  the  PDPA)  droplet  in  a  water 
spray. 
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Figure  13:  Low-pass  filtered  rainbow  signal  (shown  in  Fig. 
12)  compared  with  the  Airy  signal  for  a  25.4  pm  droplet 
having  a  refractive  index  of  1 .3339. 
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Figure  14:  Histogram  of  the  droplet  refractive  index  measured 
using  the  real-time  peak-detection  based  rainbow  processor. 


virtual  processor.  For  this  case,  the  measured  mean 
refractive  index  is  1.3335,  the  standard  deviation  is  0.0029, 
and  the  data  acceptance  rate  is  82.6%.  The  measurement 
uncertainty  based  upon  the  standard  deviation  is  +/- 1.71%  (of 
full  scale  range).  This  already  shows  an  improvement  in  the 
measurement  uncertainty  by  a  factor  of  about  2.5  without 
significantly  altering  the  data  validation  rate. 

As  mentioned  earlier,  the  final  validation  step  is  to 
compare  the  “PDPA  diameter”  with  the  “rainbow  diameter” 
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Figure  15:  Histogram  of  the  droplet  refractive  index  measured 
using  the  rainbow  post-processor. 
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Figure  16:  Comparison  of  the  droplet  diameters  (in  microns) 
as  measured  by  rainbow  refractometer  and  the  PDPA. 


and  to  reject  data  that  do  not  agree  to  within  a  preset 
tolerance.  Figure  16  presents  such  a  comparison.  The  two 
straight  lines  shown  in  Fig.  16  represents  the  acceptance  band; 
data  for  which  the  two  diameters  are  different  by  more  than 
10  pm  lie  outside  the  acceptance  band.  Size  histograms 
corresponding  to  the  data  lying  within  the  acceptance  band  are 
presented  in  Figs.  17  and  18.  Figure  17  shows  the  size 
histogram  measured  by  the  PDPA  with  a  mean  diameter  of 

40.4  pm  and  a  standard  deviation  of  17.1  pm.  The 
corresponding  size  histogram  obtained  with  the  rainbow 
refractometer  is  presented  in  Fig.  18.  The  measured  mean 
diameter  for  this  case  is  40.9  pm  and  the  standard  deviation  is 

17.5  pm.  The  agreement  between  the  “PDPA”  and  the 
“rainbow”  diameter  histograms  is  excellent.  It  is  interesting  to 
observe  that  the  diameter  standard  deviation  measured  by  the 
rainbow  refractometer  agrees  very  well  with  that  measured  by 
the  PDPA  even  though  a  similar  comparison  for  the 
monodisperse  case  showed  that  the  “rainbow  diameter’’ 
standard  deviation  was  greater  than  that  obtained  with  the 
PDPA.  This  is  because  the  measurement  uncertainty  for  each 
size  class  is  spread  into  the  neighboring  size  classes.  It  can 
also  be  observed  that  the  histograms  do  not  show  the  presence 
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Figure  17:  Size  histogram  measured  by  the  PDPA.  The  mean 
diameter  is  40.4  p.m  and  the  standard  deviation  is  17. 1  ftm. 
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Figure  18:  Size  histogram  measured  by  the  rainbow 
refractometer.  The  mean  diameter  is  40.9  nm  and  the  standard 
deviation  is  17.5  |im. 
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Figure  19:  Histogram  of  the  droplet  refractive  index  after 
rejecting  data  for  which  the  difference  between  the  “PDPA” 
diameter  and  the  “rainbow”  diameter  is  greater  than  10  nm. 


of  any  particles  less  than  20  }im.  This  is  due  to  the  lower  size 
limit  imposed  by  the  rainbow  refractometer.  In  general,  these 
results  suggest  the  possibility  of  using  the  rainbow 
refractometer  for  sizing  particles  greater  than  about  20  jim  (in 
addition  to  refractive  index  measurement). 

Figure  19  shows  the  computed  histogram  of  the  droplet 
refractive  index  after  applying  this  validation  criteria.  This 
results  in  a  mean  refractive  index  of  1.3334,  a  standard 
deviation  of  0.0023,  and  a  data  acceptance  rate  of  80%.  The 
measurement  accuracy  is  now  +/-  1.34%  which  is  about  3.3 
times  better  than  what  was  achievable  with  the  real-time 
processor. 

Finally,  comparing  the  results  of  the  water  spray  and  the 
monodisperse  droplets,  we  find  that  the  measurement 
uncertainty  in  a  spray  is  about  2-3  times  worse  than  that 
achievable  with  a  stream  of  water  droplets.  The  major  reason 
for  this  discrepancy  is  attributed  to  the  fact  that  a  range  of 
particle  trajectories  are  possible  in  a  spray  causing  a  lateral 
displacement  of  the  rainbow  signatures.  These  errors  are 
expected  to  be  eliminated  in  the  new  optical  design  for  the 
rainbow  receiver  that  has  just  been  completed. 

6.  CONCLUSIONS 

A  virtual  rainbow  processor  has  been  developed  to  yield 
improved  accuracy  and  reliability  in  droplet  refractive  index 
and  temperamre  measurement.  It  has  been  shown  that  the 
measurement  accuracy  achievable  with  this  processor  is  3-4 
times  better  than  that  achievable  with  a  real-time  peak 
detector.  Because  the  virtual  processor  makes  use  of  the  Airy 
theory,  it  has  the  potential  for  detecting  and  rejecting  data 
resulting  from  non-spherical  and  inhomogeneous  droplets,  as 
well  as  from  multiple  droplets  and  noise.  In  the  future,  the 
algorithms  used  in  the  virtual  processor  will  be  used  to  code  a 
DSP  or  even  in  the  development  of  a  dedicated  hardware 
processor. 
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ABSTRACT 

Detailed  computations  on  the  performance  of  an  ex¬ 
tended  phase-Doppler  anemometer  using  General¬ 
ized  Lorenz-Mie  Theory  were  carried  out  to  inves¬ 
tigate  the  sources  of  deviations  of  meaisured  refrac¬ 
tive  indices  from  the  correct  values.  A  clear  elTect  of 
the  drop  trajectory  through  the  probe  volume  was 
found,  leading  to  deviations  of  up  to  —8%  for  65/im 
water  drops  with  a  60°/30°  system  (circular  receiv¬ 
ing  apertures).  Trajectories  on  the  measurement  vol¬ 
ume  side  of  the  receiving  units  yield  correct  mea¬ 
surements  for  particles  larger  than  37 pim.  Rectangu¬ 
lar  receiving  apertures  yield  results  which  depend  on 
the  aperture  orientation  in  space.  Additional  FLMT 
computations  show  that,  for  all  considered  particle 
sizes  and  scattering  angles  used,  the  first  order  re¬ 
fracted  light  dominates,  but  the  intensity  of  reflected 
light  increases  considerably  for  drop  trajectories  on 
the  probe  volume  side  opposite  from  the  receivers. 

1  INTRODUCTION 

Since  the  first  works  by  Naqwi  &  Durst  ( 1990), 
Pitcher  et  al.  (1990)  and  Naqwi  et  al.  (1990),  the 
extended  phase-Doppler  anemometry  (EPDA)  has 
been  the  subject  of  detailed  studies  evaluating  its 
potential  for  the  measurement  of  the  refractive  in¬ 
dex  of  scattering  particles.  Furthermore,  Naqwi  et 
al.  (1992)  pointed  out  that  an  EPDA  setup  may  be 
used  for  fine  particle  sizing  using  the  method  of  joint 
probability  density  functions  (JPDF)  for  data  pro¬ 
cessing.  Brenn  &  Durst  (1995)  quantified  the  resolu¬ 
tion  of  the  EPDA  both  experimentally  and  by  com¬ 
putations  baised  on  Geometric  Optics.  Experimental 
results  showed  large  scatter  of  the  refractive  index 
measurements  in  polydisperse  sprays,  while  the  sta¬ 
tistical  reliability  of  the  measurements  was  one  order 
of  magnitude  better  in  monodisperse  drop  streams. 
In  order  to  improve  the  accuracy  of  the  refractive  in¬ 
dex  measurements,  Qiu  &  Hsu  (1995)  proposed  an 


asymmetric  arrangement  of  the  four  photodetectors 
and  carried  out  computations  on  the  error  in  the 
refractive  index  measurements  caused  by  the  Gaus¬ 
sian  Beam  Defect  and  the  scattered  light  intensity 
for  four  selected  drop  sizes  as  a  function  of  the  loca¬ 
tion  of  the  particle  trajectory  relative  to  the  probe 
volume  center.  These  authors  used  the  ratio  of  two 
phase  shifts  measured  with  one  of  the  receiving  op¬ 
tics  units  to  control  the  accuracy  of  the  refractive 
index  measurement. 

In  existing  literature,  detailed  computations  on  the 
accuracy  of  the  refractive  index  measurement  with  a 
standard  EPDA  cannot  be  found.  The  present  paper 
fills  this  gap  by  providing  results  of  computations 
based  on  Generalized  Lorenz-Mie  Theory  (GLMT) 
[Gouesbet  1994)  on  accuracy  and  resolution  of  the 
standard  EPDA.  Section  2  summarizes  the  present 
state  of  development  of  the  EPDA  technique.  In  Sec¬ 
tion  3,  the  results  of  computations  with  different  re¬ 
ceiving  aperture  shapes  and  the  role  of  different  scat¬ 
tering  modes  are  described  and  discussed;  Section 
4  compares  some  of  these  results  with  experimen¬ 
tal  data  obtained  in  monodisperse  drop  streams  and 
in  polydisperse  sprays.  The  paper  ends  with  conclu¬ 
sions  and  suggestions  for  improvements  of  the  sys¬ 
tem. 

2  STATE  OF  DEVELOP¬ 
MENT  OF  EPDA 

Since  some  years,  the  potential  and  limitations  of 
the  EPDA  technique  have  been  subject  of  exten¬ 
sive  experimental  investigations.  Experiments  with 
a  setup  such  as  the  one  shown  in  Fig.  1  have 
shown  that,  for  monodisperse  drops,  the  refractive 
index  measurements  may  be  very  accurate  and  ex¬ 
hibit  narrow  distributions.  Typical  results  of  mea¬ 
surements  in  monodisperse  drop  streams  of  water 
[dp^yj  =  72.1/im,  myj  =  1.334)  and  ethanol  (dp,e  = 
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SQ.Zfxm,  me  =  1.361)  are  shown  in  Fig.  2.  The 
achieved  accuracies  and  normalized  standard  devi¬ 
ations  of  the  distributions  are  (—0.6%,  0.8%)  and 
(—1.26%,  0.92%)  respectively.  However,  the  uncer¬ 
tainty  of  the  refractive  index  measurements  increases 
drastically  in  polydisperse  sprays,  as  shown  in  Fig.  3. 
The  deviation  of  the  measured  refractive  index  from 
the  correct  value  is  again  small  (m  =  1.352,  nor¬ 
malized  deviation  1.3%),  but  the  standard  deviation 
of  the  measured  distribution  is  about  eight  times  as 
large  as  in  the  monodisperse  case  (6%). 
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Figure  1:  Optical  configuration  of  a  standard  EPDA. 
The  two  receiving  units  are  placed  at  different  scat¬ 
tering  angles. 


Figure  2:  Probability  density  distributions  of  refrac¬ 
tive  index  measurements  of  monodisperse  streams  of 
water  and  ethanol.  The  fluctuations  of  the  drop  size 
in  the  data  sets  are  less  than  ±  0.7%.  The  measured 
values  are  fhu,,m  =  1.326  and  fhe,m  =  1.344  respec¬ 
tively. 


Figure  3:  Probability  density  distribution  of  the 
refractive  index  measured  in  a  polydisperse  water 
spray.  The  number  mean  drop  size  at  the  point  of 
measurement  (90mm  downstream  the  spray  nozzle, 
center  of  the  spray)  was  Dio  =  ol-dfim. 

Presently,  the  sources  of  these  errors  are  still  uniden¬ 
tified,  and  it  is  the  purpose  of  this  paper  to  provide 
quantitative  computational  results  which  clarify  the 
reasons  for  the  broadening  of  the  refractive  index 
distribution  in  polydisperse  sprays. 

3  COMPUTATIONAL 
INVESTIGATIONS 

For  the  computational  simulations  of  the  EPDA  sys¬ 
tem  shown  in  Fig.  1  (data  in  Table  1),  the  General¬ 
ized  Lorenz-Mie  Theory  (GLMT)  was  used  (Goues- 
bet  1994).  This  theory  provides  a  complete  descrip- 

Table  1;  Geometrical  configuration  of  the  standard 
EPDA  system  simulated  by  GLMT. 


Laser  wavelength 

Beam  crossing  half-angle  a 
Probe  volume  diameter  by 

632.8  nm 
1.69° 

279  fim 

Off-axis  angle  4>i 

60° 

Off-axis  angle  <^2 

0 

0 

CO 

Elevation  angles  ^  of  detectors 

±3.69° 

Receiving  cone  half  angle 

2.77° 

of  circular  aperture 

tion  of  light  scattering  by  spherical  particles  includ¬ 
ing  effects  arising  from  the  non-uniform  illumina¬ 
tion  of  the  particle  (“Gaussian  Beam  Defect”).  The 
computations  were  carried  out  for  drop  sizes  within 
the  measurement  range  of  the  two  PDA  systems  at 
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Figure  4:  Geometry  of  the  probe  volume  and  coor¬ 
dinate  system.  The  laser  beams  establish  the  x/z 
plane,  the  receivers  are  located  in  the  half-space  with 
positive  y. 


60”  and  30”  with  a  stepwidth  of  Adp  =  0.1/im. 
This  fine  size  resolution  was  necessary  to  achieve 
sufficient  resolution  of  refractive  index  fluctuations 
within  each  size  class  given  by  the  PDA  size  mea¬ 
surements.  Different  particle  locations  y  with  a  step- 
width  Ay  =  20 fim  were  investigated  (for  coordinate 
system  refer  to  Fig.  4).  The  main  direction  of  mo¬ 
tion  of  the  drops  is  the  x  direction.  The  coordinates 
X  and  z  of  the  particle  were  set  to  zero,  as  prelimi¬ 
nary  investigations  showed  that  a  variation  of  these 
coordinates  had  no  significant  influence  on  the  re¬ 
sults.  The  computations  were  carried  out  for  water. 

One  further  influencing  parameter  of  the  system  is 
the  shape  of  the  receiving  aperture.  Circular  and 
rectangular  apertures  were  simulated,  where  the  ori¬ 
entation  of  the  rectangular  aperture  was  set  parallel 
and  perpendicular  to  the  interference  fringes. 

The  computations  yielded  scattered  light  power,  half 
phase  angle  and  visibility  as  a  function  of  the  particle 
size  for  the  two  scattering  angles  60°  and  30°.  From 
these  results,  phase  shift  ratios  were  computed  and 
used  for  the  refractive  index  computation  using  the 
equation  [Brenn  &  Durst,  1995) 


1  \/h — , 

A-1  + 


where 


1  V72  —  -^VTi 


-  1 


(1) 


fl  =  2(1 -4-COSQ:COsV'iCOS<^i) 


/2  =  2  (1  -f  cos  QCOS  V'2  cos  02) 

A,  =  Zl 

~  V^2sin0iy  /2 

The  quantity  $i/$2  is  the  phase  shift  ratio.  This 
equation  was  derived  from  Geometric  Optics  and  it 
is  commonly  used  for  determining  the  refractive  in¬ 
dex  from  measured  phase  shift  ratios  in  processing 
software. 

In  the  following  sections,  the  computational  results 
for  the  different  receiving  apertures  are  presented 
and  discussed. 

3.1  Circular  Receiving  Aperture 

The  computational  results  obtained  with  a  circu¬ 
lar  receiving  aperture  for  the  above  EPDA  system 
are  shown  in  Fig.  5.  The  diagram  depicts  the  refrac¬ 
tive  index  computed  from  the  ratio  of  the  computed 
phase  shifts  at  the  two  scattering  angles  as  a  func¬ 
tion  of  the  drop  size.  The  varied  parameter  is  the 
y  coordinate  of  the  drop  location  in  the  probe  vol¬ 
ume.  The  curves  give  detailed  information  about  the 
behaviour  of  the  EPDA  system. 


Figure  5:  Simulated  refractive  indices  as  a  function  of 
the  drop  size  for  varying  coordinate  yp  of  the  particle 
position  (circular  receiving  aperture,  Xp  =  Zp  =  0). 


•  The  Gaussian  Beam  Defect  causes  the  refractive 
index  measurement  of  large  drops  located  in  the 
probe  volume  opposite  from  the  detectors  (y  < 
0)  to  be  incorrect  by  up  to  —8%  (dp  =  65.5ym) 
and  4-21%  (dp  =  108ym).  The  deviations  are 
all  negative  for  drop  sizes  between  40 ym  and 
87/im,  and  positive  outside  this  range  (except 
for  some  small  sizes  below  lOym) . 
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•  The  curves  for  y  >  0  show  that  these  drop  loca¬ 
tions  in  the  probe  volume  yield  correct  refrac¬ 
tive  index  measurements  for  drop  sizes  larger 
than  37/xm.  The  correct  value  =  1.334  is 
given  by  the  horizontal  solid  line  in  the  graph. 

•  Ail  curves  together  exhibit  two  node  points  at 
dpi  =  4Qfim  and  dp2  =  87ym.  These  drop  sizes 
differ  from  the  node  points  of  the  detectors  at 
30°  (d„i^30  =  48.3ym  and  d„2,30  =  96.5ym)  and 
60°  (d„i,6o  =  78.4ym  and  d„2,6o  =  156. 9ym), 
which  are  defined  by  equality  of  the  phases  from 
refracted  and  reflected  light.  The  observed  node 
points  of  the  EPDA  are  lying  closer  to  those  of 
the  30°  detectors  than  to  the  60°.  This  means 
that  the  higher  intensity  of  reflected  light  at 
30°  dominates  the  location  of  the  EPDA  node 
points.  Note  that  the  refractive  index  at  the 
node  points  is  not  only  equal  for  all  trajecto¬ 
ries,  but  also  correct. 

•  The  deviations  between  the  curves  vanish  al¬ 
most  completely  for  drop  sizes  less  than  12fim. 
Above  this  size,  the  Gaussian  Beam  Defect  leads 
to  an  influence  of  the  drop  location  on  the  re¬ 
fractive  index  measurements  (except  the  node 
points). 

•  The  large  deviations  of  the  curves  from  the  cor¬ 
rect  value  for  drop  sizes  less  than  36ym  were 
also  predicted  by  LMT  computations  {Brenn  & 
Durst,  1995).  They  are  due  to  the  light  scatter¬ 
ing  process  which  is  characterized  by  a  very  fine 
lobe  structure  of  the  scattered  light  for  small 
particles  (Mie  parameter  less  than  178). 

The  conclusion  from  these  results  is  that,  even  for 
monodisperse  drops,  refractive  index  measurements 
may  be  significantly  wrong  if  the  drops  pass  through 
the  probe  volume  on  a  trajectory  in  x  direction  op¬ 
posite  from  the  detector  units. 

Due  to  the  size  resolution  of  O.lym  in  the  compu¬ 
tations,  10  computational  results  on  the  refractive 
index  are  available  in  every  size  class  with  a  width 
of  Ifim.  These  values  were  treated  statistically  to 
get  information  about  the  fluctuations  of  the  re¬ 
fractive  index  measurements  caused  by  the  physics 
of  the  light  scattering  process.  The  standard  devia¬ 
tions  of  the  refractive  index  distributions  inside  each 
size  class  of  width  Ifim  are  shown  as  error  bars  on 
the  curves  in  Fig.  6.  For  clarity,  only  the  curves  for 
y  =  ±140^m  are  shown.  The  error  bars  show  re¬ 
gions  of  fluctuations,  within  which  the  refractive  in¬ 
dex  measurements  for  drops  of  given  size  may  lie. 
The  y  coordinate  which  leads  to  correct  refractive  in¬ 
dex  measurements  exhibits  small  fluctuations.  This 


Figure  6:  Fluctuations  of  the  refractive  index  within 
each  size  class  of  1  /j.m  width  as  a  function  of  the 
drop  size  for  y  =  ±140ym.  The  curve  with  the  large 
fluctuations  belongs  to  y  —  —  140ym. 

gives  a  first  estimate  of  uncertainties  in  the  refractive 
index  measurements  which  must  be  expected  from 
the  physical  properties  of  the  light  scattering  pro¬ 
cess  and,  therefore,  cannot  be  avoided.  Additional 
uncertainties  are  due  to  the  limited  resolution  of  the 
EPDA  caused  by  the  uncertainty  of  the  phase  shift 
measurement.  This  will  be  discussed  later  when  ex¬ 
perimental  data  are  compared  with  the  theoretical 
results. 

3.2  Rectangular  Receiving  Aperture 
-  Horizontal 

In  commercially  available  PDA  systems,  the  receiv- 
ing  apertures  are  more  or  less  rectangular  in  shape 
with  the  orientation  of  the  longer  side  of  the  rectan¬ 
gle  parallel  to  the  interference  fringes  of  the  probe 
volume  (“horizontal”).  Such  an  aperture,  with  half¬ 
angles  of  4  =  2.77°  and  5y  =  0.277°  was  also  simu¬ 
lated  computationally.  The  results  for  various  y  lo¬ 
cations  of  the  particle  in  the  probe  volume  are  de¬ 
picted  in  Fig.  7.  The  behaviour  of  the  curves  as  a 
function  of  the  particle  size  with  varying  y  coordi¬ 
nate  of  the  particle  position  is  similar  to  the  curves 
obtained  with  circular  aperture.  The  node  points  of 
the  curves  occur  at  the  same  drop  sizes,  and  the  de¬ 
viations  of  the  “measured”  refractive  index  from  the 
correct  value  have  the  same  orders  of  magnitude. 
Only  in  the  range  of  small  particle  sizes  the  com¬ 
puted  refractive  indices  may  take  far  larger  values 
in  some  cases  than  with  the  circular  aperture.  This, 
however,  does  not  affect  the  behaviour  of  the  EPDA, 
as  in  the  small  particles  range,  the  fluctuations  of  the 
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Figure  7;  Simulated  refractive  indices  as  a  function  of 
the  drop  size  for  varying  y  coordinate  of  the  particle 
position  (rectangular  receiving  aperture,  orientation 
horizontal) . 

refractive  index  with  varying  particle  size  are  large 
anyway.  It  is  furthermore  worth  noting  that,  with 
this  aperture,  the  trajectory  y  =  0  yields  deviations 
of  the  refractive  index  from  the  correct  value  larger 
than  with  the  circular  aperture. 

3.3  Rectangular  Receiving  Aperture 
-  Upright 

In  addition,  the  effect  of  a  rectangular  aperture  ro¬ 
tated  by  90°  on  the  refractive  index  was  examined 
((ix  =  0.277°  and  6y  =  2.77°).  Without  computa- 


Figure  8;  Simulated  refractive  indices  as  a  function  of 
the  drop  size  for  varying  y  coordinate  of  the  particle 
position  (rectangular  receiving  aperture,  upright). 


Figure  9;  The  visibility  of  the  particles  for  the  differ¬ 
ent  rectangular  apertures  as  a  function  of  the  parti¬ 
cle  size. 

tions  it  can  be  forecast  that  this  leads  to  a  decrease 
of  the  visibility  of  the  particles,  since  with  this  ori¬ 
entation  of  the  receiving  aperture  many  fringes  are 
visible  on  the  detector  owing  to  the  longer  side  of  the 
rectangle  being  orientated  rectangular  to  the  fringes 
( “upright  aperture” ) . 

The  results  of  these  computations  are  shown  in  Fig. 
8.  The  curves  show  smaller  errors  in  the  refractive 
index  for  drop  sizes  between  the  node  points  than 
the  horizontal  aperture.  The  node  points  are  shifted 
to  44/im  and  85/rm  (with  a  range  of  particle  sizes  be¬ 
tween  Sbfxm  and  92^m  where  the  curves  coincide), 
but  large  fluctuations  and  errors  of  the  refractive  in¬ 
dex  measurement  occur  for  particle  sizes  less  than 
40/im.  Figure  9  shows  the  comparison  of  the  visibil¬ 
ity  of  the  particles  for  the  two  rectangular  apertures 
discussed  here.  From  the  strong  decrease  of  the  visi¬ 
bility  with  increasing  drop  size  for  the  upright  aper¬ 
ture  we  can  conclude  that  the  advantages  of  this 
aperture  orientation  regarding  the  refractive  index 
measurements  may  be  negated  by  the  low  visibility 
which  causes  practical  problems. 

3.4  The  Role  of  Different  Scattering 
Modes  in  the  Refractive  Index 
Measurements 

Using  the  FLMT  technique  developed  by  Albrecht  et 
al.  (1994),  our  colleagues  at  Rostock  University  in¬ 
vestigated  for  us  the  contributions  of  different  scat¬ 
tering  modes  to  the  scattered  light.  These  computa¬ 
tions  were  carried  out  in  order  to  find  physical  rea¬ 
sons  for  the  behaviour  of  the  EPDA  in  refractive  in¬ 
dex  measurements.  Computations  were  carried  out 
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for  the  three  particle  sizes  AQ/im,  64/rm  and  87/im, 
i.e.,  at  the  node  points  of  the  curves  obtained  in  the 
GLMT  computations  for  circular  receiving  aperture 
and  at  one  intermediate  size.  The  influence  of  the 
X  and  y  coordinates  of  the  particle  position  in  the 
probe  volume  was  investigated. 

The  FLMT  computations  yield  the  following  results: 

•  For  all  treated  particle  positions,  scattering  an¬ 
gles  and  particle  sizes,  the  scattered  light  in¬ 
tensity  of  first  order  refraction  is  higher  than 
the  intensity  due  to  reflection.  The  scattered 
light  detected  by  the  receivers  is  therefore  dom¬ 
inated  by  first  order  refracted  light,  but  for  drop 
sizes  above  40^m  (except  the  node  points)  the 
contribution  of  reflection  influences  the  mea¬ 
sured  phase  angle  and  therefore  the  refractive 
index  computed  from  the  phase  shift  ratio.  For 
0  =  30®,  the  intensity  ratio  reflection/first  or¬ 
der  refraction  is  6.5  ■  10“^  at  y  =  -lOO/rm  and 
6.8  •  10“^  at  2/  =  +100fim,  i.e.,  one  order  of  mag¬ 
nitude  higher  at  the  negative  y  location  than  for 
positive  y,  indicating  the  stronger  influence  of 
reflection  at  y  <  0. 

•  The  phase  difference  between  the  detectors  at 
the  elevation  angles  =  —3.69®  and  tpi^2  = 
4-3.69®  for  both  scattering  angles  i  is  constant 
for  varying  particle  coordinate  x,  i.e.,  during  the 
transit  of  the  particle  through  the  probe  vol¬ 
ume.  The  phase  differences  at  60®  and  30®  ex¬ 
hibit  ratios  which  yield  the  refractive  indices  ob¬ 
tained  from  the  GLMT  computations  with  only 
slight  deviations. 

•  From  the  FLMT  computations,  the  phase  for 
purely  reflected  light  is  obtained.  Using  these 
values  for  the  computation  of  the  refractive 
index,  results  are  obtained  which  are  smaller 
than  the  correct  value.  This  clearly  identifies 
the  effect  of  reflected  light  on  the  refractive  in¬ 
dices  obtained  for  drop  sizes  between  40/rm  and 
87 fjtm,  leading  to  too  small  values. 

3.5  Resolution  of  the  EPDA 

The  resolution  of  the  EPDA  considered  here  is  the 
difference  of  two  values  of  the  refractive  index,  be¬ 
tween  which  the  system  can  distinguish  reliably.  The 
resolution  varies  with  the  drop  size,  as  has  been 
shown  quantitatively  by  Brenn  &  Durst  (1995)  MSiug 
Geometric  Optics.  The  present  GLMT  data  enable 
the  resolution  of  the  EPDA  to  be  computed  more 
realistically. 


Figure  10:  Resolution  of  the  EPDA  system  with  60® 
/  30®  as  a  function  of  the  drop  size.  The  dashed 
line  represents  the  results  of  the  geometric  optics 
computation  by  Brenn  &  Durst  (1995). 

The  resolution  is  influenced  by  two  different  effects. 
First,  fluctuations  of  the  refractive  index  within  each 
size  class  (here  of  constant  width  Ijim)  are  caused 
by  the  light  scattering,  which  represent  one  compo¬ 
nent  of  the  resolution  (or  measurement  uncertainty). 
Second,  the  phase  shift  measurement  of  the  EPDA 
system  is  subject  to  an  uncertainty  which,  for  the 
present  system,  may  be  estimated  to  be  ±1®.  Due  to 
this  effect,  an  additional  uncertainty  is  introduced 
which  must  be  added  to  the  above  uncertainty.  Re¬ 
sults  of  the  computation  of  this  composed  uncer¬ 
tainty  are  shown  in  Fig.  10.  For  comparison,  the 
dashed  line  in  the  diagram  represents  the  results  of 
the  Geometric  Optics  computations.  It  can  clearly 
be  seen  that  the  resolution  in  reality  is  worse  than 
predicted  by  Geometric  Optics.  For  positive  y  both 
results  converge  with  increasing  drop  size.  These 
results  confirm  the  experimental  result  indicating 
that,  for  drop  sizes  below  40/im,  the  difference  be¬ 
tween  the  refractive  indices  of  two  spray  components 
should  be  larger  than  0.06  in  order  to  obtain  reliable 
discrimination  between  the  components. 

4  COMPARISON  OF  EXPE¬ 
RIMENTAL  AND  COM¬ 
PUTATIONAL  RESULTS 

Diagrams  with  computational  results  as  in  Figs.  5 
through  7  suggest  a  comparison  with  results  from 
refractive  index  measurements  in  monodisperse  drop 
streams  and  polydisperse  pure-liquid  sprays.  Such 
measurements  were  carried  out  by  Brenn  &  Durst 
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Figure  11;  Comparison  of  experimental  data  ob¬ 
tained  in  a  monodisperse  water  drop  stream  with 
the  computed  uncertainty  range  in  the  refractive  in¬ 
dex  for  y  =  0. 

(1995)  with  a  EPDA  (circular  apertures). 

The  data  are  used  here  for  comparison. 

The  range  of  scatter  in  the  measured  refractive  in¬ 
dices  is  expected  to  be  at  least  as  large  as  the  com¬ 
puted  range.  The  range  is  limited  by  an  upper  and 
a  lower  curve  as  a  function  of  the  drop  size.  These 
curves  were  computed  by  adding  to  the  maximum 
and  subtracting  from  the  minimum  occuring  com¬ 
puted  refractive  index  in  each  size  class  the  res¬ 
olution  of  the  instrument  obtained  from  the  Geo¬ 
metric  Optics  computation  {Brenn  &  Durst  1995). 
Measurements  in  monodisperse  water  drop  streams 
exhibit  narrow  refractive  index  distributions  and 
even  narrower  drop  size  distributions.  The  data  set 
for  the  water  drops  shown  in  Fig.  2  is  depicted  in 
Fig.  11  as  a  cloud  of  data  points  (asterisks).  The  up¬ 
per  and  lower  curves  in  the  diagram  are  computed 
with  the  refractive  index  fluctuations  obtained  for 
the  trajectory  y  =  0.  The  experimental  data  cloud 
is  very  narrow  in  both  directions  and  exceeds  the  ex¬ 
pected  range  of  refractive  indices  only  slightly.  The 
drop  sizes  were  computed  with  the  known  (and  cor¬ 
rect)  refractive  index  mtu  =  1.334. 

The  same  comparison  was  carried  out  with  a  data  set 
from  measurements  in  a  polydisperse  water  spray. 
For  this  case,  the  limiting  curves  were  computed  tak¬ 
ing  all  trajectories  [y]  <  140/rm  into  account.  The 
data  are  shown  in  Fig.  12.  The  scatter  of  the  data 
points  in  the  drop  diameter  direction  reflects  the 
drop  size  spectrum  at  the  point  of  measurement  in 
the  polydisperse  spray;  the  scatter  in  the  refractive 


Figure  12:  Comparison  of  experimental  data  ob¬ 
tained  in  a  polydisperse  water  spray  with  computed 
uncertainty  ranges  in  the  refractive  index  for  |y|  < 
140^771. 

index  exceeds  the  range  predicted  by  the  computa¬ 
tions  only  slightly  in  some  regions.  The  vast  majority 
of  the  data  coincide  with  the  computed  range.  This 
indicates  that  most  of  the  measurement  deviations 
from  the  correct  value  are  caused  by  the  physics  of 
the  light  scattering  process  and,  therefore,  cannot  be 
avoided  with  circular  receiving  apertures. 

5  CONCLUSIONS 

Detailed  computational  investigations  on  the  perfor¬ 
mance  of  a  standard  EPDA  system  for  refractive 
index  measurements  were  carried  out.  The  results 
quantify  the  reliability  of  the  measurements  as  a 
function  of  the  drop  size.  For  drops  smaller  than 
S7fim,  the  computations  indicate  large  fluctuations 
in  the  refractive  index,  regardless  of  the  drop  trajec¬ 
tory.  For  sizes  above  37/um,  drop  trajectories  with 
positive  y  coordinate  yield  correct  refractive  index 
measurements,  but  errors  depending  on  the  drop  size 
occur  for  negative  yp. 

The  computations  show  that  the  errors  depend  on 
the  shape  of  the  receiving  aperture.  Circular  aper¬ 
tures  and  rectangular  apertures  with  the  long  side  of 
the  rectangle  parallel  to  the  interference  fringes  ex¬ 
hibit  the  above  described  behaviour.  For  the  rectan¬ 
gular  aperture,  however,  the  drop  trajectory  at  y  =  0 
still  leads  to  refractive  index  errors,  while  the  results 
are  correct  with  the  circular  aperture.  Computations 
for  a  rectangular  receiving  aperture  rotated  by  90° 
(“upright”  orientation)  yield  different  results  which 
indicate  advantages  for  the  refractive  index  measure¬ 
ments.  Computations  with  FLMT  allowed  to  quan- 


9.4.7. 


tify  the  role  of  reflected  light  for  the  refractive  index 
measurement  errors. 

Comparisons  of  experimental  data  with  the  compu¬ 
tations  show  that  most  of  the  refractive  index  fluctu¬ 
ations  obtained  with  monodispersed  drops  are  due  to 
the  light  scattering  process  itself  (as  these  drops  have 
a  constant  trajectory).  The  fluctuations  of  refractive 
index  data  obtained  in  polydisperse  sprays  also  com¬ 
pare  well  with  the  computational  results.  The  cor¬ 
relation  of  drop  size  and  refractive  index  covers  the 
area  limited  by  two  curves  computed  with  GLMT. 

For  further  developments  it  seems  to  be  necessary  to 
suppress  the  reflected  light  completely,  as  it  disturbs 
the  refractive  index  measurements  considerably.  A 
step  towards  this  solution  is  to  choose  larger  scatter¬ 
ing  angles,  which,  however,  reduces  the  resolution  of 
the  system  [Brenn  &  Durst  1995).  Another  solution 
may  be  the  use  of  a  rectangular  receiving  aperture 
for  sprays  with  large  drop  sizes.  The  orientation  of 
the  aperture  is  crucial,  and  for  large  drops  the  low 
visibility  of  the  upright  aperture  may  be  acceptable 
because  of  high  signal  intensity.  One  measure  to  sup¬ 
press  reflected  light  completely  may  be  the  use  of  a 
planar  EPDA. 
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ABSTRACT 

A  promising  optical  layout  for  standard  phase- 
Doppler  particle  sizing  instruments  for  use  in  complex 
technical  two-phase  flows  is  presented.  Applied  to  turbine 
oil  of  variable  temperature  (1 .40  <=  n  <=  =  1.46)  the  layout 
procedure  leads  to  several  suitable  off-axis  angle 
configurations.  From  these  a  backscatter  angle  of  F  =  125° 
is  chosen  due  to  geometrical  restrictions.  Although  this 
angle  lies  in  Alexander’s  darkband  and  the  intensities  are 
low,  the  theoretical  analysis  indicates  that  this 
configuration  is  extremely  insensitive  to  Gaussian-beam 
defects,  which  usually  aggravate  backscatter  applications. 

Monosized  droplet  experiments  confirm  the 
application  of  the  layout  and  show  an  acceptable  accuracy 
of  the  measurements.  Experiments  in  a  bearing  chamber 
test  rig  give  reliable  results  and  for  the  first  time  allow 
insight  into  the  flow  phenomena  of  this  highly  complex 
technical  two-phase  flow. 

1.  INTRODUCTION 

Detailed  investigations  of  complex  technical  two- 
phase  flow  phenomena  which  are  required  for  many 
practical  applications  often  suffer  from  severe  geometrical 
constraints  as  well  as  from  extremely  difficult  thermo¬ 
physical  boundary  conditions.  With  respect  to  droplet 
sizing  and  velocimetry  in  aero-engine  bearing  chambers, 
which  is  necessary  in  order  to  analyse  heat  to  oil  transfer 
problems  and  efficiency  losses  of  jet  engines,  the  phase 
Doppler  Particle  Analyzer  (PDPA)  is  expected  to  be  the 
only  measuring  device  capable  of  the  backscatter 
application  demanded  in  rotating  machinery.  However, 
problems  may  occur  due  to  temperature  dependent  fluid 
properties,  i.e.  the  index  of  refraction,  and  the 
superimposition  of  low  reflective  light  intensities  with 
higher  orders  of  refraction  typical  for  the  near  backscatter 
range.  Therefore,  prior  to  measurements  in  this  system  a 
careful  analysis  of  the  performance  characteristics  of  the 
instmmentation  setup  is  strongly  required. 


The  present  paper  deals  with  a  general  strategy  to 
account  for  these  effects.  As  a  result,  it  will  be  shown  that 
detailed  simulation  of  light  scattering  is  absolutely 
necessary  for  the  design  of  a  reliable  measuring  setup. 

2.  SCATTERING  CHARACTERISTICS 

Exposed  to  elevated  temperatures,  which  are  typical 
for  jet-engine  bearing  chamber  applications,  turbine  oils 
show  refractive  index  values  ranging  from  n=1.40  to 
n  =  1 .46.  Measurements  with  a  Abbe-refractometer  for 
temperatures  up  to  70°C  are  illustrated  in  Fig.  1  and  can  be 
continued  to  higher  temperatures. 


Fig.  1:  Refractive  index  of  turbine  oil 

From  these  values,  the  scattering  behaviour  of 
spherical  droplets  is  calculated  by  means  of  the  models 
from  geometrical  optics  as  suggested  by  van  de  Hulst 
(1981).  The  scattering  diagram  for  the  extreme  case  of  very 
hot  oil  (T  =  450K,  n=  1.41)  is  plotted  in  Fig.  2.  In  this 
diagram  the  gain  for  individual  scattering  modes  is  plotted 
versus  the  off-axis  angle.  In  contrast  to  most  other 
publications,  the  individual  scattering  modes  are  divided 
into  submodes  (e.g.  p  =  2a,  2b).  These  submodes  result 
from  scattered  light  rays  of  the  same  scattering  mode  but 
from  different  zones  of  the  incident  laser  beam.  The 
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Fig.  2:  Scattering  characteristic,  hot  turbine  oil  (n=1.41),  parallel  polarization 


actually  scattered  light  results  from  a  superimposition  of  all 
submodes  with  respect  to  their  individual  phase.  From  the 
geometrical  optics  point  of  view,  each  mode  or  submode 
produces  an  individual  interference  pattern  on  the  detector 
plane  when  interfering  with  the  light  of  another  mode  or 
submode  of  the  same  or  another  laser  beam.  It  is  well 
known,  that  proper  phase-Doppler  particle  sizing  is  only 
possible,  when  one  single  mode  or  submode  is  dominant  in 
intensity.  In  that  case,  the  interference  pattern  is  dominated 
by  one  single  scattering  mode  of  the  two  incident  laser 
beams.  The  distance  between  the  dominant  and  the 
following  modes  determines  the  sensitivity  to  errors  caused 
by  the  Gaussian  beam  defect  [Grehan  et  al.  (1994), 
Willmann  et  al.  (1994)]. 

3.  THEORETICAL  ANALYSIS 

As  a  typical  feature  of  fluids  with  high  refractive 
indices,  Alexander’s  darkband,  the  region  between  the  two 
first  rainbow  angles,  is  widely  extended  between  <1>  =  1 10° 
and  d>  =  145°  off-axis.  In  this  range,  scattered  intensity  is 
very  low  and  particle  sizing  requires  rather  high  incident 
intensities.  On  the  other  hand,  the  reflected  light  (p  =  0)  is 
dominant  in  intensity  resulting  in  linear  phase-diameter 
correlations.  In  addition,  since  pure  reflected  light  is  used 
for  sizing,  measuring  in  that  range  is  independent  to 
refractive  index  changes  or  gradients  inside  the  droplet. 
The  selection  of  the  detectors  off-axis  angle  in  the  range 
between  the  two  rainbow  angles  depends  on  two 
limitations:  First,  the  angular  distance  between  the  outer 
edge  of  the  detector  and  the  rainbow  angle  should  be  as 
large  as  possible.  This  is  due  to  idealizations  made  in 
geometrical  optics  resulting  in  sharp  rainbow  angles,  where 
in  reality  a  broad  angular  range  for  the  rainbow  is  observed. 
From  comparisons  with  Mie  calculations  performed  with 


the  ‘STREU’-Code  of  Naqwi  et  al.  (1991)  it  is  clear,  that 
this  angular  distance  should  be  at  least  DF  =  5°.  As  a 
second  limitation,  changes  in  the  refractive  index  have  to 
be  accounted  for,  since  they  influence  the  overall  scattering 
behaviour.  Therefore,  for  all  possible  refractive  indices  in 
the  two-phase  flow  under  investigation  Alexander’s 
darkband  must  be  wide  enough  to  provide  an  additional 
angular  range  of  about  Dq  =  10°  for  the  detector  plane, 
necessary  to  sample  the  low  intensity  light  signals. 


Fig.  3:  Width  of  Alexander’s  darkband 

From  Fig.  3  it  is  obvious,  that  a  mean  off-axis  angle 
of  about  F  =  130°  follows  both  above  mentioned 
constraints  for  particle  sizing  in  Alexanders  darkband.  With 
this  off-axis  configuration  measurements  are  possible  in  the 
range  from  n  =  1.4  up  to  n  =  1.46  for  the  refractive  index. 
For  lower  refractive  indices,  sizing  in  Alexander’s 
darkband  gets  more  and  more  difficult,  due  to  the  decrease 
of  the  distance  between  the  two  rainbow  angles.  Because  of 
additional  geometrical  restrictions  of  the  test  rig,  this  angle 
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had  to  be  reduced  to  O  =  125°  for  the  following 
investigations. 

The  calculated  phase-diameter  correlations  in  Fig.  4 
for  this  off-axis  configuration  shows  the  expected  linear 
behaviour  and  confirms  the  suitability  of  this  configuration 
for  phase-Doppler  particle  sizing. 

From  the  work  of  Grehan  et  al.  (1994)  or  Willmann 
et  al.  (1994)  it  is  well  known,  that  trajectory  depending 
scattering  may  cause  significant  measurement  errors  when 
using  a  standard  instrument.  Furthermore,  it  is  also  well 
known  that  rejection  algorithms  using  scattered  intensities, 
as  suggested  by  Bachalo  et  al.  (1988)  may  fail  especially  in 
near  backscatter  applications,  since  scattered  intensities  of 
correct  and  erroneous  signals  do  not  differ  significantly. 
One  reason  for  this  is  the  low  distance  between  different 
scattering  submodes  as  illustrated  on  the  right  hand  side  of 
the  rainbow  angle  (p  =  2a,  2b)  in  Fig.  2. 


Fig.  4:  Phase-diameter  correlation  (125°  off-axis) 


To  avoid  any  of  these  trajectory  dependent 
scattering  effects  for  the  configuration  selected  here, 
calculations  were  performed  with  the  geometrical  optics 
code  PDCALC  developed  at  the  Tnstitut  fiir  Thermische 
Stromungsmaschinen’  at  the  University  of  Karlsruhe.  The 


droplet  •  position  perpend Icutar  to  the  Laser  beams  [|in] 


■  •1.00E401-9.00E-»00 

B*7,OOE40&-«,OOE*00 

■  •g.ooE-too-a.ooE-fOO 

□•€.OOE400~5.00E400 

■  •8,OOE400-7,OOE4CO 

Fig.  5:  Map  of  intensities  (exponents) 


computer  program,  which  is  based  on  geometrical  optics, 
simulates  phase-Doppler  configurations  up  to  any  desired 
order  in  the  scattering  mode.  In  addition  to  Gaussian  beam 
effects,  the  code  also  allows  to  calculate  slit-aperture  effecs 
as  discussed  by  Xu  and  Tropea  (1994),  which  may  cause 
serious  errors,  too.  The  program  is  validated  with  the 
generalized  Lorentz  Mie  theory  data  of  Grehan  et  al. 
(1994).  The  optimized  structure  of  the  code  makes 
PDCALC  to  a  powerful  and  efficient  layout  tool  for  phase- 
Doppler  configurations. 

The  program  was  used  to  analyze  the  chosen  off- 
axis  angle  configuration  of  <I>  =  125°.  For  these  calculations 
a  single,  spherical  droplet  was  virtually  traversed  in  the 
scattering  plane  of  the  standard  phase-Doppler  instrument. 
Typical  results  are  Fig.  5  and  Fig.  6,  which  show  the  map 
of  scattered  intensities  and  the  map  of  phase  differences, 
respectively.  The  axis  of  these  maps  correspond  to  the 
middle  of  the  traversed  droplets.  The  calculations  are  based 
on  a  droplet  diamter  of  d  =  150  pm  in  a  probe  volume  of 
d  =  200pm,  using  a  slitwidth  of  1  =  200  pm.  This 
configuration  causes  significant  errors  due  to  trajectory 
dependent  scattering  in  typical  forward  scattering 
configurations. 
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Fig.  6:  Map  of  phase  differences 

The  map  of  intensities  shows  the  characteristic 
shape  of  the  phase-Doppler  probe  area.  It  should  be  noted, 
that  the  legend  shows  the  exponent  of  the  scattered 
intensities.  The  two  laser  beams  are  directed  vertically  in  a 
plane  perpendicular  to  the  plotted  diagram  and  intersect  at 
the  position  x  =  0,  y  =0.  The  detectors  observe  the  probe 
area  from  the  lower  right  side.  The  maximum  of  intensity  is 
observed  at  a  particle  position  y  =  30pm,  which  is  due  to 
the  measuring  volume  displacement  as  described  in 
Albrecht  (1995).  Intensity  decreases  continously  to  the  left 
and  right  side  due  to  the  Gaussian  intensity  profile  in  the 
beam. 
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The  diagonal  bounds  of  the  measuring  volume  in 
the  other  direction  results  from  the  slit-aperture  effect  as 
observed  by  Willmann  et  al.  (1994)  and  described  in  detail 
by  Xu  and  Tropea  (1994).  Additionally,  a  displacement 
from  the  center  of  the  coordinate  system  is  observed, 
resulting  from  similar  effects  as  observed  perpendicular  to 
the  laser  beams. 

However,  it  is  obvious  from  this  diagram  and  the 
corresponding  data,  that  in  directions  perpendicular  to  the 
virtual  slit-aperture  the  intensity  distribution  has  a  sharp 
edge  where  intensity  decreases  drastically  by  several 
decades  over  less  than  some  microns  of  traversing. 

As  expected  from  the  light  scattering  diagram  in 
Fig.  2  no  sensitivity  to  Gaussian  beam  effects  is  observed 
for  this  configuration.  Across  the  probe  area,  in  direction  of 
the  axis  of  the  receive  no  significant  change  of  the  phase  is 
observed.  Nevertheless,  phase  changes  occur  when 
traversing  in  direction  of  the  laser  beams  due  to  the  slit- 
aperture  effects.  But  the  sharp  edges  in  the  intensity 
distribution  shown  in  Fig.  5  suppress  any  phase  errors.  A 
detailed  comparison  clearly  indicates,  that  scattered 
intensities  at  positions  of  ‘erroneous’  phase  are  lowered  to 
values  which  are  out  of  the  intensity  dynamic  range  of  any 
common  detector  system.  These  observations  have  been 
confirmed  up  to  droplet  diameter  values  of  about  d  =  1mm. 

4.  VALroATION  OF  PHASE-DOPPLER  SETUP 

In  order  to  justify  this  setup  which  has  been  solely 
derived  from  a  numerical  study,  different  off-axis 
configurations  have  been  tested  on  a  laboratory  level  using 
a  single  droplet  generator  in  a  well  defined  and  calm 
environmental  atmosphere. 


Fig.  7:  Comparison  of  forward  and  backward  scattering 
configurations 


The  comparison  between  the  measurements  at 
F  =  70°  and  F  =  125°,  plotted  in  Fig.  7,  indicates  that  both, 
the  forward  and  the  backward  configuration  show  a 
satisfying  agreement.  These  results  confirm  the  chosen  off- 
axis  configuration,  especially  since  no  trajectory  dependent 
scattering  effects  were  observed  in  the  monosized  droplet 
experiments. 


5.  APPLICATION  TO  AERO-ENGINE  BEARING 
CHAMBERS 

5.1  BACKGROUND  AND  RIG  ADAPTION 

The  assessment  of  phase-DoppIer  particle  sizing 
setups  in  Alexander’s  darkband  as  described  above  has 
been  initiated  by  some  of  the  demands  given  in  the  design 
of  aero-engine  bearing  chambers.  Today,  a  major  task 
within  the  calculation  of  flow  rates  required  in  lubrication 
systems  of  jet-engines  is  the  proper  matching  of  heat 
transfer  to  the  oil.  Besides  friction  inside  the  bearings,  one 
has  to  deal  with  several  other  heat  transfer  phenomena  such 
as  oil  film  convective  heat  transfer  at  the  housing  walls, 
heat  transfer  from  the  sealing  air  to  the  disperse  phase  and 
churning  processes  inside  the  bearing  chamber. 

Obviously,  the  latter  topics  require  a  sufficient 
knowledge  of  droplet  flow  characteristics.  Unfortunately, 
correlations  for  droplet  sizes  and  velocities  in  bearing 
chambers  are  not  available  up  to  now.  In  order  to  overcome 
the  severe  drawbacks  arising  from  this  lack  of  data,  the 
bearing  chamber  test  rig  available  at  the  ‘Institut  fiir 
Thermische  Stromungsmaschinen’,  which  is  capable  to 
simulate  aero-engine  operating  conditions  given  by  high 
rotational  shaft  speeds  of  ns=  16000rpm  and  enhanced 
temperatures  of  Tn^^,  =  200°C,  has  been  adapted  to  the 
PDPA  measurement  technique.  Design  considerations  and 
a  description  of  the  rig  and  its  facility  components  are 
given  elsewhere  [e.g.  'Wittig  et  al.  (1994),  Glahn  and 
Wittig  (1995),  (1996)].  However,  some  comments  referring 
to  the  measuring  conditions  and  the  PDPA  adaption 
requirements  should  be  included  here. 

A  cross-sectional  view  of  the  test  rig  is  shown  in 
Fig.  8  for  a  co-axial  plane  located  at  a  circumferential 
position  of  (p=45°  measured  counter-clockwise  from  the 
horizontal.  The  roller  bearing  under  investigation  is  located 
between  the  two  bearing  chambers  signed  with  ‘I’  and  ‘IT. 
Droplet  flows  that  are  generated  by  atomization  of 
lubrication  oil  in  the  roller  bearing  have  been  investigated 
in  bearing  chamber  II  at  a  distance  of  Ari=3.25  mm  from  the 
rotor  and  Az=4.1  nun  from  the  bearing,  respectively.  The 
chamber  is  pressurized  to  Pn  =  3  bar  by  the  sealing  air 
entering  through  a  three-fin  labyrinth  in  chamber  II  and 
discharged  through  a  vent  at  the  top  ((p=90°).  Oil 
emanating  from  the  bearing  is  carried  by  the  air  flow 
through  the  vent  system  or  scavenged  from  the  bottom  of 
the  chamber  by  pumps,  respectively. 

The  adaption  of  the  measuring  technique  is 
reflected  by  additional  efforts  in  order  to  establish  an 
optical  access  for  the  transmitting  laser  beams  and  the 
receiving  optics.  Special  window  configurations  have  been 
designed  in  order  to  avoid  droplet  containment  on  glas 
surfaces  in  the  optical  path.  As  shown  in  Fig.  8,  they 
consist  of  conical  tubes  that  are  purged  by  compressed  air, 
which  is  supplied  as  a  cleaning  air  film  over  the  inner  side 
of  the  window  by  tangential  nozzels.  Any  droplets 
emanated  from  the  chamber  into  the  window  unit  are 
driven  radially  outwards  due  to  the  swirl  of  the  purge  flow. 
Mixtures  of  air  and  small  quantities  of  oil  then  are 
discharged  through  radial  holes  at  the  root  of  the  tube.  In 
order  to  minimize  any  reaction  of  the  cleaning  air  flow  on 
the  bearing  chamber  atmosphere,  a  series  of  reference 
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Fig.  8:  Rig  adaption 


measurements  has  been  performed  prior  to  the  phase- 
Doppler  adaption,  which  includes  bearing  chamber 
pressures  and  air  flow  balances  for  operating  conditions 
such  as  rotational  speed  and  flow  rates.  The  purge  air 
which  impacts  on  the  bearing  chamber  flow  has  been 
assessed  to  be  negligible  in  the  event  that  the  same  pressure 
and  air  balances  have  been  obtained  for  both  setups,  i.e. 
with  and  without  phase-Doppler  window-unit  adaption. 

5.2  DROPLET  FLOW  IN  BEARING  CHAMBERS 

The  objective  of  the  present  paper  is  to  show  a 
general  strategy  for  an  adaption  of  phase-Doppler  sizing 
techniques  to  complex  technical  spray  systems.  Therefore, 
results  of  our  bearing  chamber  flow  investigations 
presented  in  this  subsection  are  of  exemplary  nature. 
However,  Fig.  9  shows  distributions  of  diameter  and 
velocities  for  typical  bearing  chamber  conditions  give  by 
flow  rates  of  m//  =  10  g/s  and  =  100 1/h  and  a  speed  of 
ns=12000rpm  as  they  are  reduced  from  individual 
diameter/velocity  correlations  by  use  of  the  standard  data 
acquisition  system. 


Fig.  9:  Diameter  and  velocity  distributions  for  typical 
aero-engine  bearing  chamber  conditions 
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Obviously,  the  droplet  flow  in  bearing  chambers 
can  be  characterized  by  a  large  number  of  droplets  in  the 
range  of  20  pm  <  da  <  1 80  pm  with  a  maximum  at  approx, 
da  =  80  pm  and,  in  addition,  by  larger  droplets  up  to 
da  <500  pm  which  are  less  frequent  but  must  not  be 
neglected,  since  they  represent  a  large  amount  of  the 
overall  liquid  mass  flow. 

In  technical  flow  systems  as  given  in  bearing 
chambers,  mean  and  RMS  values  are  not  suitable 
parameters  to  give  representative  information  about 
complex  flows  which  often  show  multi-modal  distributions. 
In  order  to  overcome  any  misinterpretation,  a  reduction  of 
measured  data  is  performed  only,  when  the  probability 
density  distributions  are  well  known  mono-modal 
functions. 

For  a  more  sophisticated  examination  of  two-phase 
flows  the  postprocessing  program  ANAPDPA  was 
developed  at  the  ‘Institut  fiir  Thermische 
Stromungsmaschinen’.  It  allows  a  detailed  analysis  of  data 
obtained  with  a  AEROMETRICS  counter  based  equipment. 
In  Fig.  10,  results  are  plotted  in  terms  of  droplet  size  class 
velocities  in  tangential,  u(d),  as  well  as  radial,  v(d), 
direction.  Oil  and  air  flow  rates  are  the  same  as  for  Fig.  9 
but  shaft  speeds  have  been  varied  up  to  =  1 6000  rpm. 

The  data  represent  mean  values  for  the  size  classes 
d^j  =  50,  100, 150,  and  200  pm.  It  can  be  readily  concluded 


from  the  figure,  that  the  droplet  flow  is  strongly  influenced 
by  the  circumferential  velocity  of  the  rotor.  In  general,  the 
radial  velocity  of  the  droplets  is  decreasing,  whereas  the 
tangential  velocity  component  strongly  increases  with  an 
increase  in  shaft  speed.  Thus,  it  can  be  concluded  that  the 
droplet  flow  angle  is  changing  from  a  radial  to  a  tangential 
direction,  reflecting  a  dominant  effect  of  air  flows  to  the 
vent  at  low  speed  and  dominant  influences  of  rotating  core 
flows  inside  the  chamber  at  high  speed  conditions, 
respectively.  With  the  exception  of  the  highest  speed  of 
Umax  =  16000  rpm  this  is  more  significant  for  small  droplets. 
Larger  droplets  are  accelerated  by  rotation,  but  keep  a 
radial  velocity  component  even  for  the  high  speed 
conditions  due  to  their  inertia. 

In  order  to  classify  the  measured  velocities,  a 
comparison  can  be  made  against  the  shaft  velocities  which 
range  between  20  m/s  <  u^  <  104  m/s  corresponding  to  the 
shaft  radius  of  rj  =  62  mm  and  the  rotational  speed  given  in 
the  figure.  Ratios  of  droplet  velocity  to  shaft  velocity  are 
between  0. 1  <  u(d)/Us  <  0.2  which  seems  to  be  very  low. 
An  explanation  may  be  given  based  on  the  consideration  of 
the  measuring  position  which  is  shown  again  in  the  upper 
part  of  Fig.  10.  Measurements  have  been  performed  close 
to  the  shaft  as  well  as  close  to  the  bearing.  However,  it  may 
be  possible  as  drawn  schematically  by  projections  of 
possible  trajectories  that  droplets  flying  through  the 
measuring  volume  are  not  only  original  droplets  emanating 
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Fig.  10:  Individual  diameter  dependent  velocities 
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from  the  bearing  but  particles  which  are  tom  from  a  wall 
film  on  the  bearing  support  or  reflected  from  the  support, 
respectively.  Therefore,  they  would  pass  the  measuring 
volume  with  a  low  but  negative  velocity  and  may  be 
accelerated  again  if  they  hit  the  high  speed  rotating  shaft. 
However,  evidence  for  such  an  attempt  of  explanation 
cannot  be  concluded  from  mean  velocity  values. 

At  this  point,  further  refinement  of  data  analysis  is 
definitely  necessary.  Fig.  1 1  demonstrates  the  potential  of 
the  advanced  postprocessing  software  offering  scope  for 
individual  correlations  of  diameters  and  corresponding 
velocities.  As  an  example,  the  droplet  size  class  dj  =  80  pm 
has  been  chosen  and  each  individual  measurement  resulting 
in  an  appropriate  diameter  is  drawn  in  the  figure  according 
to  its  velocities.  Therefore,  this  figure  is  a  two-dimensional 
probability  density  function  with  high  number  densities 
indicated  by  dark  colours.  Cumulated  two-dimensional 
histograms  are  included  for  both  related  velocity 
distributions.  Due  to  its  Gaussian  character  the  velocity 
distribution  for  the  tangential  component  fits  fairly  well  to 
the  mean  values  discussed  before  (Fig.  10). 


Fig.  11:  Correlations  of  velocities  (d=80nni) 


In  difference  to  this,  it  is  obvious,  that  the 
distribution  of  radial  velocity  components  has  a  maximum 
in  the  range  of  -2  m/s  <  v(d)  <  0  m/s  which  would  not  be 
reflected  by  averaged  values  because  an  additional  range 
with  high  velocities  exists  at  12m/s<v(d)  <24  m/s. 
However,  the  distributions  shown  here  can  be  treated  as  a 
confirmation  of  local  droplet  flow  interpretation  given 
above. 

CONCLUSIONS 

The  systematic,  comprehensive  analysis  of  phase- 
Doppler  configurations  for  fluids  in  the  range  of  n=l  .4  up 
to  n=1.46  in  refractive  index  indicates  that  besides  the 
usual  standard  applications  in  near  forward  configurations, 
backward  scattering  phase-Doppler  particle  sizing  gives 
suitable  results  when  an  off-axis  angle  in  Alexander’s 


darkband  is  chosen.  Even  if  the  intensity  is  low  in  that 
angular  range,  theory  as  well  as  measurements  indicate,  that 
these  positions  are  suitable  configurations  for  sizing  in 
technical  sprays,  which  often  are  limited  in  optical  access 
due  to  geometrical  restrictions. 

Special  emphasis  was  put  on  the  comprehensive 
analysis  of  the  phase-Doppler  configuration  including 
several  sources  of  errors.  This  analysis  includes  a  general 
systematic  layout  and  a  detailed  study  of  Gaussian  beam 
and  slit  effects.  The  main  advantage  of  the  chosen 
configuration  in  comparison  to  extreme  near  backward 
scattering  applications  is,  that  Gaussian  beam  effects  as 
well  as  slit  effect  are  negligible. 

As  a  typical  application  of  this  configuration,  an 
extremly  complex  aero-engine  bearing  chamber  two-phase 
flow  has  been  investigated.  It  shows  the  typical  restrictions 
of  complex  technical  flows  drastically  restricted  in  optical 
access  under  extreme  boundary  conditions.  First  results  of 
these  measurements  show  important  effects  and  improve 
the  understanding  of  this  complex  flow. 
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ABSTRACT 

A  high  speed  sequential  laser  sheet  imaging  technique  has 
been  used  to  investigate  the  development  of  spark  ignited 
explosions  in  the  Leeds  fan  stirred  bomb.  A  good  correlation 
was  found  to  exist  between  the  development  of  flame 
wrinkles  and  the  ‘effective’  rms  turbulent  velocity.  This 
highlighted  the  important  role  played  by  the  turbulence 
energy  spectnun  in  flame  development  following  spark 
ignition. 

1.  INTRODUCTION. 

The  development  of  spark  ignited  turbulent  flames,  such 
as  those  in  a  gasoline  engine,  undergo  an  interesting 
evolution.  Initially,  the  high  spark  energy  propels  a  thermal 
and  radical  wave  forward  and,  after  overcoming  high 
geometric  stretch,  laminar  flame  propagation  will  begin.  As 
the  small  kernel  grows  and  the  influence  of  geometric  stretch 
is  superseded  by  aerodynamic  strain,  the  flame  is,  at  first, 
wrinkled  by  only  the  smallest  scales  of  turbulence  -  larger 
length  scales  merely  convecting  the  kernel  bodily.  However, 
as  the  kernel  continues  to  grow  it  becomes  progressively 
wrinkled  by  larger  length  scales  until  the  size  of  the  kernel  is 
sufficient  for  it  to  experience  the  entire  turbulence  spectrum. 
The  influence  of  turbulence  (embodied  in  the  rms  turbulent 
velocity,  w ' )  on  flame  wrinkling  and  the  turbulent  burning 
velocity  is  then  fully  developed  (Abdel-Gayed  et  al.  (1987)). 
To  quantify  the  degree  of  turbulence  affecting  the  growing 
flame,  the  concept  of  an  “effective”  rms  turbulent  velocity, 
u'k,  has  been  proposed  (Abdel-Gayed  et  al.  (1987)  and 
Bradley  et  al.  (1996)).  The  variation  of  with 
dimensionless  time  from  ignition  Expressed  in  terms  of  a 
non-dimensional  wavenumber,  k )  was  obtained  by 
integrating  the  dimensionless  power  spectral  density  of 
turbulent  energy,  S(k)  (derived  from  laser  Doppler 
velocimetry  measurements)  up  to  a  dimensionless 
wavenumber,  .  The  manner  in  which  the  normalised 


“effective”  rms  turbulence  velocity,  u  'k  /« ',  varied  with 
is  shown  in  Fig.  1. 

First,  experiments  are  described  in  which  the  turbulence 
characteristics  of  the  Leeds  fan  stirred  bomb  were 
determined.  Then,  sequential  high  speed  laser  sheet  flame 
images  are  presented  and  used  to  characterise  the  nature  of 
turbulent  flame  development  in  the  bomb.  Finally,  a 
comparison  is  made  between  turbulence  and  flame 
characteristics.  The  important  role  of  the  turbulence 
spectrum  in  influencing  the  growth  of  a  turbulent  flame 
following  spark  ignition  is  clearly  demonstrated. 

2.  APPARATUS. 

Premixed  iso-octane  -  air  mixtures  were  exploded  in  a 
high  pressure/high  temperature  spherical  fan  stirred 
combustion  vessel  at  an  initial  pressure  and  temperature  of 
Ibar  and  358  K,  respectively.  The  380  mm  diameter 
stainless  steel  vessel  had  extensive  optical  access  via  3  pairs 
of  orthogonal  windows  of  150  mm  diameter.  Turbulence  was 
generated  by  four  fans,  each  driven  by  an  independently 
controlled  electric  motor  up  to  a  maximum  speed  of  10  000 
rpm.  For  all  experiments,  the  combustible  pre-mixture  was 
ionitpri  by  a  spark  electrode  which  was  located  in  the  centre 
of  the  bomb.  An  average  ignition  energy  of  23  mJ  was 
supplied  to  the  spark  gap. 

The  turbulent  flow  field  was  calibrated  for  different  fan 
speeds  using  laser  Doppler  velocimetry  (LDV).  A  single 
velocity  component,  argon-ion  laser  LDV  system  was  used 
with  signal  processing  being  performed  with  a  Dantac  57N20 
Enhanced  Burst  Spectrum  Analyser  (BSA).  Directional 
ambiguity  in  the  velocity  measurements  was  removed  by  the 
adoption  of  a  40  MHz  frequency  shift  to  one  of  the  beams.  At 
each  condition,  20  000  Doppler  bursts  were  collected,  at  a 
typical  rate  of  10  kHz.  Alumina  (AI2O3)  particles,  with  a 
nominal  diameter  of  0.3  pm,  were  used  to  seed  the  airflow. 
Measurements  indicated  that,  within  the  region  of  optical 
access  (150  mm  diameter),  the  turbulent  velocity  flow  field 
was  nearly  isotropic  with  very  small  mean  velocities.  The  rms 
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turbulent  velocity  was  found  to  vary  linearly  with  fan  speed, 
fs,  such  that  M'(m/s)  =  0.0012yi  (rpm). 

The  turbulent  integral  length  scale,  L,  was  found  directly 
from  a  spatial  correlation.  For  these  measurements,  a  second 
LDV  system  and  BSA  processor  were  borrowed  from  Dantec. 
Simultaneous  velocities  were  measured  at  two  points  within 
the  bomb.  The  centre  of  the  bomb  was  taken  as  one  fixed 
measurement  point  whilst  the  second  point  was  at  variable 
horizontal  distances  away  from  the  centre.  The  longitudinal 
integral  length  scale,  was  then  calculated  from  the  two  point 
correlation  function.  With  the  exception  of  the  lowest  fan 
speeds,  L  was  independent  of  fan  speed  and  found  to  be  20 
mm,  as  shown  in  Fig.  4. 

To  assess  the  temporal  development  of  spark  ignited 
turbulent  flames,  a  high  speed  laser  sheet  imaging  technique 
was  employed.  An  Oxford  Lasers  high  repetition  rate  copper 
vapour  laser  was  used  to  generate  a  series  of  sequential  laser 
sheets.  The  510.6  nm  pulsed  laser  beam  was  formed  into  a 
0.5  mm  thick  laser  sheet  using  suitable  optics.  The  laser 
sheet  was  located  vertically,  just  in  front  of  the  spark 
electrode  and  Mie  scattered  from  tobacco  smoke  particles  of 
sub-micron  size  (Ziegler  et  al,  1988).  The  scattered  light 
was  recorded  using  a  Kodak  EktaPro  HS  Motion  Analyser 
(Model  4540)  at  a  framing  rate  of  4.5  kHz.  To  block 
extraneous  light,  a  510.6  run  bandpass  (10  nm  FWHM) 
interference  filter  was  placed  directly  in  front  of  the  camera 
lens.  Digitised  flames  contours,  with  a  spatial  resolution  of 
1  mm,  were  extracted  from  the  video  images  using  the  hand 
tracing  procedure  adopted  by  Bradley  et  al.  1994. 

The  digitised  flame  contours  were  expressed  as  a  series 
of  amplitudes,  aj,  given  by  the  distance  of  the  local  flame 
front  from  the  mean  flame  front  (Hicks  et  al.  1994).  From 
this  data,  a  power  spectral  density  (psd)  function  was 
obtained  to  characterise  flame  wrinkling.  The  rms  amplitude 
of  flame  wrinkling,  a\  ,  representative  of  the  turbulent  flame 
brush  thickness,  was  derived  from  the  psd  function  via: 

(a\f=  \S{k)dk  (1) 

0 

wdiere  S(k)  is  the  spectral  coefficient  at  wavenumber  k, 
( =  VI),  I  is  the  length  of  wrinkling  and  k„ax  is  the  maximiun 
wavenumber  of  wrinking  and  is  given  by  the  reciprocal  of  the 
circumference  of  the  mean  flame  front,  hi  addition,  values  of 
aj  were  spatially  autocorrelated  to  yield  an  integral  scale  of 
flame  wrinkle,  Lak,  given  by  =  a(l)a(l  +  A/) . 

3.  RESULTS  AND  DISCUSSION. 

Shown  in  Fig.  2  are  sequential  flame  contours  extracted 
from  laser  sheet  images  of  stoichiometric  iso-octane  -  air 
mixtures  at  a  value  of  a  'of  0.56  m/s  (fan  speed  =  500  rpm). 
At  this  low  rms  velocity  the  flame  front  was  continuous  and 
approximately  circuW  in  cross  section.  However,  at  higher 
turbulence  (fan  speed),  as  shown  in  Fig.  3,  the  flame  front 
was,  in  general,  non-circular  and  significantly  more  wrinkled. 
At  higher  turbulence,  appreciably  more  unbumt  gas  was 


observed  within  the  flame  boundary  and  there  was  a 
significant  increase  in  the  appearance  of  gaseous  “islands” 
ahead  of  and  behind  the  flame  contour.  Previous  studies  in 
spark  ignition  engines  (Hicks  et  al.  1994,  Mantzarras  et  al. 
1988)  have  suggested  that,  at  turbulence  levels  similar  to 
those  being  considered  here,  these  “islands”  are  associated 
with  sections  through  3D  eddy  structures  at  the  leading  edge 
of  the  flame. 

During  the  early  stages  of  development,  the  flame  kernel 
experienced  increasing  random  convection  away  from  the 
spark  electrode.  This  can  be  seen  in  Fig.  5,  where  the 
velocity  of  the  centroid  of  the  flame  is  plotted  against  elapsed 
time  from  ignition.  At  decreasing  elapsed  times  the 
convecting  speed  from  explosion  to  explosion  ranged  from  0 
to  3m  ',  (~  lOm/s  in  Fig.  5)  and  the  average  value  was  close  to 
the  mean  speed  of  turbulence  which  is  given  by 

(Akindele  et  al.  (1982),  Abdel-Gayed  et  al.  (1987)).  This 
supports  the  idea,  discussed  in  Section  1,  in  which  a 
developing  turbulent  flame  kernel  will  sense  a  growing 
spectrum  of  turbulent  scales.  Those  scales  greater  than  its 
instantaneous  size  will  merely  convert  rather  than  wrinkle  it. 
However,  with  greater  lapsed  time,  the  growing  kernel 
encompasses  a  larger  range  of  eddy  sizes,  such  that  the 
average  convective  velocity  falls  towards  the  exjjected  mean 
of  zero  as  also  is  shown  in  Fig.  5. 

Shown  in  Figs.  6  and  7  are  the  temporal  developments  of 
the  wrinkling  parameter  a'*  and  Lak  for  three  different 
turbulence  velocities.  The  more  rapid  increase  in  the 
magnitude  of  both  parameters  with  an  increase  in  turbulence 
is  a  consequence  of  the  flame  growing  more  quickly  into  the 
low  frequency,  large  scale,  part  of  tiie  turbulent  spectrum. 
The  ‘shot  to  shot’  variations  at  each  fan  speed  highlights  the 
stoichastic  nature  of  early  flame  development  as  the  flame 
kernels  experienced  ‘shot  to  shot’  variations  in  the  local 
turbulence  spectrum.  An  important  consequence  of  the 
variation  in  flie  flame  brush  thickness  (as  quantified  by  a\  ) 
as  the  flame  develops  is  that  there  can  be  an  appreciable  and 
changing  proportion  of  unbumt  gas  within  the  mean  flame 
front.  Consequently,  measurements  of  the  progress  of  a 
visible  or  schlieren  flame  front  can  lead  to  over-estimation  of 
the  bum  rate. 

Set  out  in  Figs.  8  and  9  are  the  same  data  expressed  in 
tenns  of  the  mean  flame  radius.  Here,  the  influence  of 
turbulence  is  less  clear  cut.  At  mean  flame  radii  less 
than  ~  15  mm,  the  rate  of  increase  of  both  wrinkle  parameters 
is  similar  for  all  three  turbulence  velocities.  However,  at 
larger  radii,  the  rate  of  increase  in  a\  and  Lak  with  radius  is 
not  so  obvious.  The  lack  of  any  consistant  trend  with 
turbulence  and  radius  is  probably  a  result  of  the  non-linear 
developmg  nature  of  turbulent  burning  velocity  and  flame 
thickness.  It  would  appear,  from  Figs.  8  and  9,  that  the  level 
of  wrinkling  experienced  by  a  growing  flame  kernel  is  a 
stronger  function  of  the  kernel’s  size  than  of  time  from 
ignition.  The  slower  rate  of  development  in  the  lower 
turbulence  case  than  in  the  other  caes  might  be  etssociated  a 
degree  of  turbulence  intermitency  as  indicated  by  the  high 
value  of  flatness  in  the  measured  velocity  pdf  at  low 
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turbulence.  However,  further  work  is  required  to  establish 
the  relative  importance  of  elapsed  time  and  flame  radius  on 
flame  development. 

The  solid  curves  in  Figs.  10  and  1 1  show  the  variation  of 
u'k  /«’,  for  values  of  «’  of  2.2  and  4.5  m/s  (2000  and 
4000  rpm).  They  were  obtained  by  the  method  used  to  derive 
Fig.  1.  The  symbols  show  the  variation  in  a\  for  the  same 
conditions.  For  a  flame  radius  equal  to  the  turbulent  integral 
length  scale,  L,  (20  mm),  it  can  be  seen  that  when 
M  ’  =  2.2  m/s,  the  effective  turbulence  velocity  is  only  about 
40%  of  its  fully  developed  value,  and  at  the  largest  measured 
mean  flame  radius  of  70  mm  it  is  about  65%  of  its  fully 
developed  value.  Indeed,  a  flame  would  need  to  be  of  the 
order  of  20L  to  experience  90%  fully  developed  turbulence 
(Bradley  etal.  (1996)). 

For  both  fan  speeds,  and  up  to  the  maximum  measured 
radius,  the  rate  of  development  of  a\  is  similar  to  that  for 
u'k  /«’•  A  limitation  of  Figs.  10  and  11  is  that  the  folly 
developed  flame  thickness,  a' ,  is  unknown  and,  hence,  the 
more  logical  parameter,  a'^  /  a'  could  not  be  determined. 
However,  if  as  is  anticipated  from  Figs.  10  and  11,  the 
developments  of  u'k  /u'  and  a\  / a’  similar,  then  the  right 
hand  axis  also  could  be  used  as  an  indicator  of  the  extent  of 
development  ofa'^  /a’ . 
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Fig.  1.  Variation  of  the  dimensionless  effective  r.m.s.  velocity  u'/u'k  with  over  the  rms  velocity  range  available  in  the 
bomb,  from  u  ’  of  0.56  m/s  (500  rpm)  to  1 1.2  m/s  (10,000  rpm). 
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(a)  3.33  ms 
60-  Z.afc  =  2.86mm 
a’k=  1.59  mm 


(a)  2.6  ms 
D-  Ldfc  =  0.97  mm 
a’k  =  0.97  mm 


(b)  7.77  ms 

(b)  6.22  ms 

so-  ia*  =  7.32mm 

60-]  -Lat  =  6.16nim 

a’k  =  4.93mm 

a’k  =  3.80mm 
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(c)  9.77  ms 

so-j  Lot  =  23.0  mm 

so-j  Lai  =8.97  mm 

a’k  =  8.87mm 
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Fig.  2.  Sequential  flame  contours  stoichiometric  iso-octane  -  Fig.  3.  Sequential  flame  contours  stoichiometric  iso-octane  - 
air  flames  at  u‘=  0.56  m/s  (500  rpm).  Initial  air  flames  at  «’=  2.2  m/s  (2000  rpm).  Initial 
temperature  =  358  K;  initial  pressure  =  1  bar.  Elapsed  time  temperature  =  358  K;  initial  pressure  =  1  bar.  Elapsed  time 
from  igmtion  idicated  on  diagrams.  from  ignition  idicated  on  diagrams. 
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Fig.  6.  Variation  of  a  ’  with  time  from  ignition  for  Mie  scattered  images.  Stoichiometric  iso-octane  -  air  mixture,  initial 
temperature  =  358  K,  initial  pressure  =  1  bar.  u’  =  0.56  m/s  -  data  from  3  explosions,  u’  =  2.2  m/s  -  data  from  6  explosions  and 
u’  =  4.5  m/s  -  data  from  2  explosions. 


Fig.  7.  Variation  of  La  with  time  from  ignition  for  Mie  scattered  images.  Stoichiometric  iso-octane  -  air  mixture,  initial 
temperature  =  358  K,  initial  pressure  =  1  bar.  u’  =  0.56  m/s  -  data  from  3  explosions,  u’  =  2.2  m/s  -  data  from  6  explosions  and 
u’  =  4.5  m/s  -  data  from  2  explosions. 
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Fig.  8.  Variation  of  a'  with  mean  radius  from  ignition  for  Mie  scattered  images.  Stoichiometric  iso-octane  -  air  mixture,  initial 
temperature  =  358  K,  initial  pressure  =  1  bar.  u’  =  0.56  m/s  -  data  from  3  explosions,  u’  =  2.2  m/s  -  data  from  6  explosions  and 
u’  =  4.5  m/s  -  data  from  2  explosions. 
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Fig.  9.  Variation  of  La  with  mean  radius  from  ignition  for  Mie  scattered  images.  Stoichiometric  iso-octane  -  air  mixture,  initial 
temperature  =  358  K,  initial  pressure  =  1  bar.  u’  =  0.56  m/s  -  data  from  3  explosions,  u’  =  2.2  m/s  -  data  from  6  explosions  and 
u’  =  4.5  m/s  -  data  from  2  explosions. 
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Fig.  10.  Comparison  of  the  development  of  a’  with  m  *  at « ’  =  2.2  m/s  (2000  rpm).  The  experimental  results  consists  of  data 
from  6  explosions 
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Fig.  11.  Comparison  of  the  development  of  a’  with  «'*  at  «’  =  4.5  m/s  (4000  rpm).  The  experimental  results  consists  of  data 
from  2  explosions. 
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ABSTRACT 

An  aerodynamic  characterisation  of  a  high  confined  swirl 
flame  is  developed,  using  a  Laser  Doppler  Velocimeter.  It 
allow's  us  a  better  understand  of  the  flame  stabilisation 
processes,  optimisation  of  combustion  efficiency  and 
reduction  of  pollutant  fonnation.  Detailed  measurements  of 
mean  and  fluctuating  velocity  fields  are  made  to 
characterise  the  effects  of  swirl  number  upon  central 
recirculation  zone  stability  and  turbulent  mixing.  The  exit 
of  the  40Kw  swirl  burner  is  equipped  with  a  25°  diverging 
quarl  opening  in  a  hot  wnll  furnace.  Two  laser  velocimeter 
heads  are  used  perpendicularly  (one  of  them  is  water 
cooled)  to  measure  three  velocity  components  on  the 
confined  reactive  flow.  We  seek  the  influence  of  die  swirl 
intensity  on  the  mean  aerodynamic  field,  on  the  capacity  of 
the  rotation  to  improve  the  formation  and  stability  of  a 
recirculation  zone,  and  on  tlie  behaviour  of  tlie  combustion. 
Turbulence  and  Reynolds  shear  stresses  are  determined  to 
get  complete  data  fields  for  a  numerical  modeling.  Tlie 
turbulent  fluxes  are  evaluated  to  give  assumptions  on 
turbulent  exchanges  between  tlie  central  recirculation  zone 
and  the  main  flow.  At  last,  a  scenario  for  the  flame 
stabilisation  process  is  proposed. 


1.  INTRODUCTION 

Swirl  burners  are  currently  used  for  their  capacity  to 
stabilised  high  intensity  flames,  optimise  combustion 
efficiency  and  reduce  pollutant  formation.  Tlie  design  of 
such  a  burner  requires  a  perfect  knowledge  of  tlie  flow 
structure  and  flame  stabilisation  processes.  For  many  years, 
different  aspects  of  the  swirling  combustion  have  been 
extensively  studied,  including  flow  structure  and  transport 
mechanisms  [1,  2,  3],  flow  instabilities  [4,  5],  mixing  and 
flame  stability  [6,  7].  These  studies  are  developed  on 
various  burner  geometries  (degree  and  shape  of  the 
confinement),  combustion  types  (premixed  or  non-premixed 
flame,  staged  combustion),  scale  and  thermal  output  power 
(model  burner  to  large  complex  industrial  systems). 
Moreover,  tlie  obtained  results  are  generally  strongly 
dependant  of  the  characteristics  of  the  studied  burner  and 
any  generalisation  to  an  otlier  burner  type  becomes 
hazardous. 
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The  design  or  the  optimisation  of  a  burner  requires  the 
development  of  numerical  tools  validated  with 
experimental  data,  that's  why,  complementary  studies  are 
still  necessary  to  describe  phenomena  involved  in  the  flow 
structure  and  combustion  processes. 


2.  EXPERIMENTAL  SET-UP  AND 

MEASUREMENT  METHODS. 

2.1.  Experimental  Apparatus. 

In  the  present  work,  a  vertical  model  swirl  burner  is 
investigated.  The  thermal  output  of  the  non-premixed 
methane-air  flame  is  40kW  that  corresponds  to  an 
intermediate  scale  betw'een  laboratory  flames  and  the 
500kW  half-industrial  burner  studied  by  the  Combustion 
Research  Group  of  Gaz  de  France.  The  burner  (Fig.  1)  is  an 
axial  plus  tangential  air  type.  Both  air  flows  are  supplied  by 
an  air  compressor.  Methane  is  supplied  through  a  central 
pipe  nozzle  with  an  axial  injection  exit  located  at  the  base 
of  the  quarl  enter.  During  cold  flow  tests,  methane  is 
injected  but  not  ignited.  All  gas  mass  flow  rates  are 
controlled  and  adjusted  by  mass  flow  meters.  The  swirl 
number  (axial  to  tangential  momentum  ratio)  is 
experimentally  determined  from  velocity  measurements  at 
the  burner  enter  using  the  definition  gives  by  Gupta  and  al 
(22). 

Ro 

puwr^dr 


R I  p[P  -1-  (w^  -  w„>  )/  2]rdr 


0 

Wm ;  Maximum  swirl  velocity  at  x/D=0.09 
Ro  :Radius  of  the  burner  exit 

A  quarl  is  added  to  the  burner  used  for  the  previous  study 
[8].  The  combustion  is  confined  in  a  0.55m  diameter  and 
0.8m  height  hot  wall  furnace  installed  at  the  quarl  exit. 
Two  main  motivations  explain  tire  choice  of  this 
configuration:  to  stay  close  to  industrial  burners  and  to  get 
well  known  boundary  conditions  for  future  numerical 
modeling. 
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Fig.  1.  Schematic  diagram  of  burner  arrangement  and 
detailed  dimensions. 


The  image  processing  of  flame  spontaneous  emission  and 
the  flame  stability  diagram  are  used  to  determined  the 
aerodynamic  conditions  leading  to  stable  and  efficient 
flames.  Three  sets  of  working  parameters,  corresponding  to 
three  swirl  number  conditions  are  selected  keeping  constant 
the  global  gas/air  equivalent  ratio  and  thennal  output  power 
(Table  1).  The  lowest  swirl  number  is  detennined  from 
Fricker  et  al  [10]  criteria  for  tlie  flame  blow-off  limits. 


Swirl 

number 

S 

Qixul 

(m^/h) 

QiwtiI 

(m%) 

Thermal 

output 

(kW) 

equivalent 

ratio 

« 

Reynolds 
number 
at  burner 
exit 

0.1 

55 

4.4 

40 

0.7 

17100 

0.4 

45 

13.5 

40 

0.7 

17100 

0.82 

38 

21 

40 

0.7 

17100 

Table  1 

Operating  conditions  for  swirl  stabilised  flames 


2.2  Experimental  techniques. 

Published  data  base  of  swirl  flow  velocity  fields  are 
generally  imperfect  to  validate  physical  models  or 
numerical  codes,  the  mesh  of  data  points  being  not 
sufficient  to  accurately  evaluate  mean  flow  streamlines  or 
velocity  gradients.  Moreover,  optical  measurements  are 
difficult  inside  quarl  and  furnace. 

In  this  work,  three  dimensional  Laser  Doppler  Velocimetry 
(L.D.V.)  measurements  are  realised  with  a  two- 
dimensional  system  including  5W  Argon  Ion  laser,  two 
optical  fiber  L.D.V.  probes,  and  Burst  Spectrum  analysers. 
Narrow  windows  are  installed  in  the  quarl  and  furnace  wall 
in  order  to  get  axial  U  and  tangential  W  velocity 
components  in  the  perpendicular  plane  of  the  optical  axis  of 
the  first  L.D.V.  head.  The  radial  velocity  component  is 
generally  determined  by  moving  the  L.D.V.  head  radially  to 
ffie  burner  axis.  Unfortunately  such  an  operation  becomes 
impossible  with  confinement.  In  this  work,  we  use  the 
original  technique  derived  from  the  intrusive  method 
developed  few  years  ago  [8].  It  consists  to  introduce  a  water 
cooled  L.D.V.  probe  vertically  inside  the  furnace  (Fig.  2). 
The  complete  L.D.V.  system  is  fixed  and  the  burner  is 
moved  with  a  two-dimensional  table.  In  order  to  minimise 
tire  intrusive  probe  perturbations,  the  focal  length  of  this 
second  L.D.V.  head  is  60cm,  then,  the  tip  of  the  probe  is 
located  outside  the  flame  (external  diameter  of  the  jacket: 
16cm).  The  influence  of  the  water  cooled  probe  on 
measured  datarate  quality  is  evaluated  before  measurement 
(Fig.  3).  The  light  intensity  attenuation  at  the  L.D.V. 
control  volume  by  the  water  cooled  probe  has  been 
estimated  at  around  15%  in  the  full  input  power  range.  The 
main  lirmtation  of  this  techniques  appears  in  datarate  fall 
witli  the  water  cooled  system  in  front  of  the  laser  probe.  For 
the  same  working  conditions,  we  notice  the  lost  of  more 
tlian  70%  on  the  datarate  in  backward  -scattered  mode. 

In  order  to  be  sure  of  the  coincidence  of  the  two 
measurement  volumes,  tests  are  made  by  receiving  with  the 
first  L.D.V.  head,  the  light  scattered  by  particles 
illuminated  by  the  second  head.  Unfortunately  this 
arrangement  provides  a  low  Doppler  signal  datarate:  the 
scattered  light  at  90°  is  not  optimised  (Mie  theory)  and 
temperature  gradients  between  the  probes  and  measuring 
volume  induce  fluctuations  of  tire  two  measurements  points 
reducing  the  coincidence  time. 

Tliis  technique  is  orJy  used  for  cross  correlation 
measurements. 
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deduced  from  these  quantities  iising  the  perfect  gas  state 
law. 


Fig.  2  :  Schematic  diagram  of  the  instrumentation 
for  the  two  L.D.  V  probes  measmement. 
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Fig.  3;  Influence  of  water  cooled  probe  on  tlie  quality  of  the 
LDV  signal. 

A  thin  thermocouple,  whose  the  thermal  inertia  is 
numerically  compensated,  is  used  to  determined  the  mean 
and  fluctuating  temperature  fields.  The  stable  chemical 
species  concentrations  are  measured  by  an  on-line  gas 
analyser  system.  Then,  tlie  local  mean  density  can  be 


The  mean  and  fluctuating  velocity  fields  are  determined 
with  a  radial  step  of  Smm  in  quarl  and  10  mm  in  the 
furnace.  For  inert  flow  conditions,  methane  is  injected  but 
not  ignited. 


3.  RESULTS  AND  DISCUSSION 

3 . 1  Mean  Flow  Characterisation 

The  depression  region,  induced  by  air  rotation,  can  inflect 
the  flow  stream  lines.  When  the  swirl  number  S  becomes 
sufficient,  an  central  recirculating  zone  (RZ)  is  created.  A 
second  RZ  (lateral  RZ)  is  detected  outside  the  main  flow  at 
the  quarl  exit  due  to  sudden  radial  expansion  of  the 
confinement. 

In  the  cold  weak  swirl  number  case,  any  RZ  is  observed, 
but,  after  ignition,  for  the  same  flow  conditions,  a  RZ  is 
formed,  as  observed  by  Shen  [8]  for  a  straight  exit  burner. 
The  combustion  process  seems  to  favour  the  stabilisation  of 
the  central  recirculation  zone.  This  phenomenon  can  be 
interpreted  by  a  decrease  of  the  gas  density  with 
combustion  leading  to  an  increase  of  the  adverse  pressure 
gradient  (dp/9r)i=o  ,  which  generates  the  reverse  flow  zone 
[14,  15].  The  strength  of  the  adverse  pressure  gradient  is 
also  observed  for  the  two  other  swirl  number  conditions 
(i.e.:  S=0.4  and  S=0.82)  with  an  increase  of  the  RZ  surface, 
a  modification  of  the  shape  of  the  RZ  upper  zone,  and  a 
downstream  displacement  of  its  recirculation  zone  bottom 
(Fig.  4). 


Swiri  number  0.4 

Fig.  4;  Zero  axial  line  velocity 


H{mm) 


Swirl  number  0.82 


cold  and  reactive  flows. 
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Fig.  5;  radial  profile  of  mean  axial  U  and  tangential 
velocities 


In  the  reactive  flow,  the  stability  limits  and  combustion 
efficiency  of  swirl  flame  are  widely  dependant  of  the 
characteristics  of  the  RZ.  Then,  the  presented  results  are 
focused  on  the  swirl  number  effects  upon  the  reverse  flow 
zone  for  the  cold  and  reactive  cases. 

Flame  spontaneous  emission  study  shows  an  appreciable 
decrease  in  the  flame  height  when  increasing  the  swirl 
number  (up  to  20  %  between  the  two  extreme  swirl  cases). 
The  present  objectives  are  to  determine  if  modifications  in 
the  aerodynamic  field  can  induce  the  observed  flame  height 
variation. 


Fig.  5  illustrates  radial  evolution  of  nondimensional  axial 
and  tangential  velocity  measurements  at  different  stages 
inside  the  quarl  and  furnace  (reactive  flow).  The  increase  of 
the  swirl  intensity  moves  the  axial  velocity  maximum 
towards  the  quarl  edge.  This  result  contrasts  with  Shen's 
observations  [16]  with  a  straight  exit  burner.  The  diverging 
quarl  and  furnace  wall  acts  here  as  a  physical  frontier 
which  limits  the  sudden  radial  transport  of  the  upstream 
rotating  air  to  the  environment  even  for  high  rotation 
intensities.  The  negative  tangential  velocities  observed  in 
the  RZ  for  the  highest  swirl  number  values  can  be 
interpreted  as  the  location  of  the  processing  vortex  core 
centre  (PVC)  [9,  18,  20]  near  the  geometric  system  centre. 
This  particular  location  of  the  vortex  core  has  been  also 
encountered  by  Yazbadi  et  al  [21]  in  a  cyclonic  flow  with 
bend  angled  and  by  Tangirala  [14]  in  a  quarl  exit  burner. 


In  order  to  study  the  rotation  intensity  influence  upon  the 
velocity  field  structure,  the  Strokes  stream  functions  are 
calculated  from  the  local  measured  mean  axial  velocity 
component  and  gas  density,  using  the  equation; 

r 

\j/'  =  2jiji^rdr 
0 

normalised  by  the  burner  exit  stream  function; 


Vo  = 


RO 

271  jpurdr 


Ro  is  file  recirculation  zone  radius. 


The  density  is  detennined  from  previous  measurements  of 
local  mean  temperature  and  sjjecies  composition.  The  small 
dubiousness,  around  7%,  of  the  mass  flow  rate  determined 
eitlter  with  mass  flow  meter  or  pur  integration  calculated  at 
x/D=0.09,  is  attributed  to  velocity  measurement  and 
integration  errors  near  the  quarl  edge  where  the  property 
gradients  are  large. 


As  observed  by  Chigier  et  al  [16]  and  Hillesmans  et  al  [17] 
tlie  zero  streantline  encompasses  the  central  recirculation 
zone  outside  the  quarl  burner  (Fig.  6).  Like  Syred  and  al  [3] 
results  for  a  straight  exit  burner,  the  "eye"  of  the 
recirculation  vortex  seems  to  be  located  on  the  edge  of  the 
reverse  flow'  zone. 
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Fig.  6:  Spatial  distribution  of  streamlines  (y/Vo) 

The  maximum  deflection  of  streamlines  occurs  at  the  quarl 
exit,  around  the  recirculation  vortex  "eye“.  The  location  of 
the  measured  radial  velocity  maximum  confirms  the  radial 
expansion  at  the  quarl  exit  whereas  it  stays  constant  inside 
the  confinement.  When  the  swirl  number  value  increases, 
the  two  characteristics  lines  (i.e.;  U=0  and  vt/=0)  become 
closer  implying  a  diminution  of  the  mean  exchange  surface 
between  the  RZ  and  the  main  flow.  Moreover,  both 
inflection  of  the  streamlines  and  air  entrainment  increase 
downstream  the  RZ. 


The  modifications  in  size  and  shape  of  the  RZ  do  not  show 
a  remarkable  alteration  with  the  swirl  intensity.  This 
observation  is  consistent  with  Tangirala  et  al  results[14]  for 
30°  quarl  exit  burner.  For  the  highest  swirl  number  value 
(S=0.82),  the  length  of  the  reverse  flow  zone  decreases  and 
becomes  a  little  bit  wider,  but  less  than  Syred  and  al  [19]  or 
Shen  and  al  [8]  observations  with  a  straight  exit  burner. 
The  calculated  RZ  surface  decreases  about  approximately 
9%  between  the  extreme  studied  swirl  number  settings 
(Fig.  7). 

The  value  of  the  nondimensional  calculated  recirculated 
mass  flow  rate  M,  is  commonly  used  as  a  measure  of  the 
RZ  strength. 

M, /Mo=  Jpurdr/  Jpurdr 

0  0 

Rre :  Recirculation  zone  radius 

Mo  is  the  mass  flow  rate  at  the  burner  exit.  Due  to  the 
complex  dependence  of  the  reverse  flow  zone  shape  on  the 
experimental  set-up  and  working  parameters,  Hillesmans  et 
al  [17]  normalise  the  maximum  of  the  recirculated  mass 
flow  rate  by  the  maximum  RZ  width.  Fig.  7  does  not  show 
appreciable  variation  of  the  recirculated  mass  flow  rate 
ratio  with  the  swirl  number  value. 
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Fig.  7:Normalised  mass  flow  rates  and  recirculation  zone 
surfaces  as  a  function  of  swirl  number.(Mo  mass  flow  rate 
at  tlie  burner  exit,  So  Surface  of  the  burner  exit  ,Ro  radius 
burner,  Lrz  maximum  RZ  radius) 


The  general  trends  observed  on  the  RZ  are  both  a  decrease 
of  the  RZ  surface  and  an  increase  of  the  recirculated  mass 
flow  rate.  Nevertheless  a  generalisation  is  hazardous  in 
regard  to  these  relatively  small  variations. 
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Fig.  8:  Turbulent  kinetic  energy  k  in  the  reactive  flow 

The  last  macroscopic  feature  observation  concerns  tire 
spatial  invariability  of  the  fuel  breaking  point  against  the 
RZ  with  swirl  number  variation  (i.e.:  x/D=0.35).  This 
result  differs  from  tliose  of  number  of  authors  observations 
(Syred  et  al  [18],  Shen  et  al  [8],  Bach  and  Gouldin  [19], 
with  straight  exit  burners).  They  obtain  a  displacement  of 
the  location  and  the  modification  in  shape  of  the  RZ  with 
the  swirl  intensity,  fuel  and  air  injection  velocity  or  overall 
equivalence  ratio.  With  a  straight  exit,  a  competition  exists 
between  the  central  jet  inertia  which  pushes  up  the  RZ,  and 
the  adverse  pressure  gradient,  related  to  S,  which  pushed 
down  it.  With  quarl,  as  soon  as  the  swirl  intensity  becomes 
sufficient,  the  RZ  is  formed  and  stays  invariant  in  position. 

3.2.  Turbulence 

Turning  now  to  tlie  turbulence  characteristics  analysis,  tlie 
turbulent  kinetic  energy  k  is  calculated  from 

k  =— ^u^  +  v'^ (Fig.  8).  Botli  k  and  Umax 

maximums  are  observed  at  tlie  same  location,  any 
characteristic  influence  of  the  swirl  number  on  tlie  absolute 
maximum  value  of  k  is  observed  (Fig.  8).  For  tlie  lowest 
swirl  number  case  (S=0.1),  the  axial  one-dimensional 

turbulence  u'^  (Fig.  9)increases  at  the  quarl  exit  whereas  a 
constant  decrease  is  observed  for  tlie  highest  sivirl  number 
(S=0.82).  At  the  fuel  jet  breaking  point  (x/D=0.35)  for 

S=0.82,  we  observe  an  increase  of  u'^ .  Goulding  and  al 


[20]  has  obtained  the  same  behaviour.  From  a  spectral 
analysis  of  axial  velocity  data,  he  put  into  evidence  a  low 
frequency  oscillation  of  the  RZ  not  observed  in  cold  flow  or 
weak  swirl  conditions.  So,  in  the  present  work,  we  can 

interpret  the  high  intensity  level  of  u’^  as  an  axial 

fluctuation  of  the  RZ.  The  two  u'^  maximums  downstream 
the  quarl  exit,  also  observed  by  Durao  and  al  (11),  are 
located  respectively  on  the  RZ  frontier,  and  in  the  shear 
layer  between  main  flow  and  lateral  RZ. 
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Fig.  9:  Axial  turbulent  velocity  u’’  in  the  reactive  flow 


The  behaviour  of  tangential  w'^  and  radial  v'^  normal 
stresses  are  qualitatively  similar  according  the  following 

relationships  w'^  =3.  v'^  .  An  important  increase  of  v'^ 

and  w'^  is  measured  at  tlie  top  and  downstream  the  RZ. 
The  ma.ximum  of  the  velocity  fluctuations  are  not  located  at 
tlie  maximums  of  velocity  gradients. 

3.3.  Reynolds  Stresses 

The  diagram  of  the  Reynolds  shear  stress  u'w'  (Fig.  11) 
shows  the  high  dependence  of  the  swirl  number  upon  its 
distribution  and  maximum  value.  The  increase  of  the  swirl 

intensity  leads  to  an  appreciable  increase  of  u’w'  around 
and  downstream  the  RZ  limits.  The  negative  u'w'  values 
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observed  on  the  external  radius  can  be  attributed  to  the 
shear  strain  generated  by  the  lateral  RZ. 

This  result  shows  an  improve  of  turbulent  momentum  flux 
through  the  RZ  envelop  with  the  swirl  number.  This 
observation  is  corroborated  by  the  observation  of  the 

increase  of  the  cross  correlation  u'  T'  (turbulent  heat  flux) 
at  the  RZ  edge. 
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Fig.  1 1 :  Reynolds  shear  stress  u'w'  in  the  reactive  flow 


4.  CONCLUSION. 

Velocity  measurements  inside  quarl  and  furnace  are  made 
to  describe  the  aerodynamic  structure  of  a  confined  s^^irl 
flame  flow. 


Fig.  10:  Tangential  turbulent  velocity  w'^  in  the  reactive 
flow 


The  study  of  the  mean  flow  field  shows  that  combustion 
can  improve  the  strength  of  an  central  recirculation  zone 
(RZ)  not  observed  for  inert  flow  and  weak  swirl  values. 


3.4.  Assumptions  on  the  Flame  Stabilisation  Processes 

The  RZ  acts  as  an  obstacle  for  tlte  swirl  flow  which  passes 
around.  Reactants  are  preheated  by  this  hot  body  and  bum 
out  side  it.  The  combustion  products  flow  along  it,  only  a 
small  mass  flow  rate  of  them  (less  tlian  12%)  recirculates 
inside  the  RZ.  The  increase  of  tire  swirl  number,  improve 
turbulent  heat  and  mass  exchange  witli  the  RZ.  This 
phenomenon  can  explain  tire  observed  decrease  of  tire 
flame  height  with  the  rotation  intensity  and  an  increase  of 
the  chemical  production  rate.  Tire  complete  study  including 
temperature  and  species  concentration  measurements 
should  indicate  if  such  a  turbulent  exchange  improve  the 
combustion  efficiency. 


For  reactive  flow,  when  increasing  the  swirl  number,  the 
RZ  surface  decreases  but  the  recirculated  mass  flow  rate 
stays  constant.  Nevertheless,  these  modificatioirs  stay 
relatively  small  in  regard  of  the  influence  of  the  other 
working  conditions  (i.e.:  overall  equivalence  ratio, 
geometry,  fluid  velocity  injection)  studied  by  many  authors. 
In  opposition  to  straight  exit  burner  study,  quarl  and 
furnace  confinement  limits  radial  jet  expansion,  even  for 
high  swirl  numbers.  The  streamline  inflection  downstream 
the  central  recirculation  zone  lightly  increases  with  the 
swirl  intensity  that  can  explain  the  decrease  of  the  flame 
heiglit.  Tlie  RZ  zone  acts  as  an  obstacle  where  reactants 
and  combustion  products  flow  around 

The  main  effect  of  swirl  number  appears  in  the  turbulent 
characteristics  of  the  flow.  Though  the  lower  part  location 
of  tlie  RZ  inside  tlie  quarl  and  the  fuel  jet  breaking  point 
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stay  indqjendent  of  the  swirl  number,  an  increase  of  the 

rotation  iijt^ity  leads  to  axial  fluctuation  of  the  bottom  of  10.  Pricker,  Leuckel.  (1976),  Journal  of  the  institute 
the  central  RZ.  ppl  52 


The  results  of  the  aerodynamic  study  of  this  swirl  flame 
give  a  lot  of  important  infonnations  on  the  swirl  flow 
behaviour  related  to  the  combustion  processes  (trajectory  of 
reactants  and  products,  heat  and  mass  transfer,...). 
Complementary  measurements  of  temperature  and  specie 
concentrations  are  made  and  under  processing  to  locate  the 
reaction  zone  and  pollutant  formation  regions.  A  better 
knowledge  of  such  a  combustor  system  should  help  the 
designer  to  optimise  future  industrial  burners  and  the 
modeler  to  validate  numerical  codes. 
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ABSTRACT 

The  present  work  reports  an  experimental 
study  on  the  behavior  of  a  jet  flame  which  is 
surrounded  by  a  shroud  of  combustion  air. 
Measurements  focussed  on  the  flame  length  and  on 
the  emissions  of  NO,,  total  unbumed  hydrocarbon, 
CO2  and  Oj.  Four  different  fuel  flow  rates  (38.33, 
78.33,  138.33,  and  166.6  cm’/s),  air  flow  rates  up 
to  2500  cmVs  and  four  different  air  injector 
diameters  (0.079  cm,  0.158  cm,  0.237  cm,  and 
0.316  cm)  were  used.  The  results  showed  that  a 
substantial  shortening  of  the  flame  length  occurred 
by  increasing  the  air  injection  velocity  keeping  fuel 
rate  fixed  or  conversely  by  lowering  the  fuel  flow 
rate  keeping  air  flow  rate  constant.  NO,  emissions 
ranging  from  5  ppm  to  64  ppm  were  observed. 
NO,  emissions  decreased  strongly  with  the 
increased  air  velocity  and  the  emission  of  NO,  was 
described  well  using  the  ratio  of  air  to  fuel 
Reynolds  number  as  well  as  with  the  ratio  of  air  to 
fuel  velocity.  On  the  contrary,  the  emission  of  the 
total  hydrocarbon  increased  with  the  increased  air 
velocity  or  with  the  decreased  fuel  flow  rate.  At 
the  ratio  of  air  to  fuel  velocity  of  about  1  the 
emissions  of  NO,  and  of  the  total  hydrocarbon 
were  found  to  be  under  10  ppm. 

1.  INTRODUCTION 

The  fiiel-air  mixing  plays  an  important  role  in 
combustion.  It  has  a  strong  effect  on  the 
combustion  efficiency,  flame  length  as  well  as  the 
composition  of  the  combustion  products.  Poor 
mixing  produces  zones  of  fiiel  rich  and  fuel  lean 
within  a  combustor  leading  to  a  long,  unstable  and 
incomplete  burning  flame  and  unwanted  exhaust 
gases.  The  ntixing  problem  becomes  even  more 
important  for  high  speed  combustion  application 


and  for  the  development  of  super-lean  and  low 
NO,  burners  where  ultra  fast  mixing  of  fuel  and 
oxidant  is  required. 

The  present  woric  reports  an  experimental 
study  on  the  behavior  of  a  jet  flame  which  is 
surrounded  by  a  shroud  of  combustion  air.  The 
shroud  of  combustion  air  serves  as  a  source  for 
recirculation.  We  have  two  major  objectives.  The 
first  one  is  to  study  the  role  of  the  shroud  of 
combustion  air  in  improving  the  fuel  to  air  mixing 
rale.  It  is  known  that  fuel-air  mixing  rate  can  be 
improved  significantly  by  introducing  internal 
recirculation  flow  (Chen  and  Driscoll  (1988), 
Philipp  et  al  (1992),  Masri  et  al  (1992))  or 
acoustically  modulating  the  exit  velocity  of  a 
coflowing  jet,  Lewis  et  al  (1988).  Chen  and 
Driscoll  (1988),  in  a  study  of  the  role  of  the 
recirculation  vortex  in  improving  fuel-air  mixing 
within  swirling  flames,  concluded  that  the  vortex 
recirculation  governs  the  mixing  process  of  a 
swirling  flame  and  that  the  flame  length  of  a 
swirling  flame  follows  a  different  scaling  trend 
than  that  of  a  simple  jet  flame  as  fuel  flow  is 
increased.  They  found  that,  as  fuel  flow  is 
increased,  the  length  of  a  simple  turbulent  jet  flame 
remains  unchanged,  yet  the  length  of  a  swirling 
flame  inaeases  linearly. 

Although  acoustic  excitation  of  isothermal  jets 
produces  significant  increase  in  the  near  field 
spreading  and  entrainment  rates,  the  far  field 
remains  essentially  unchanged  for  small 
perturbation  amplitudes.  Large  amplitudes  and 
high  frequencies,  are,  therefore,  required  to  affect 
the  far  field  significantly,  Johari  and  Motevalli 
(1993). 

Attempts  have  been  also  made  to  improve  fuel- 
air  mixing  rate  by  burning  of  fuel  puffs.  It  has 
been  shown  that  individual  fuel  puffs  have  a 
considerably  higher  ntixing  rate  as  opposed  to 
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steady  jets  in  both  quiescent  media,  Johari  and 
Motevalli  (1993),  and  as  well  as  a  transverse  flow, 
Eroglu  and  Breidenthal  (1991)  and  Vakili  et  al 
(1991).  Johari  and  Motevalli  (1993)  reported  that 
burning  of  small,  well-separated  fiiel  puffs  in  a 
quiescent  air  created  intense  and  compact  blue- 
colored  flames  as  opposed  to  larger,  closely- 
coupled  puffs  which  were  mainly  yellow  in  color 
in  the  later  case.  They  measured  the  flame  length 
of  a  burning  fuel  puff  and  found  that  the  flame 
length  of  individual  puffs  scales  with  the  initial 
volume  of  the  puff  in  the  limit  of  small  duty- 
cycles.  As  the  duty-cycle  increases  for  a  specific 
flow  condition,  the  flame  length  reduction  stops 
due  to  the  interaction  among  neighboring  puffs. 
Eroglu  and  Breidenthal  (1991)  and  Vakili  et  al 
(1991)  discussed  that  introduction  of  fuel  puffs  into 
a  quiescent  media  or  in  a  cross  flow,  results  in  a 
totally  different  flow  pattern  and  features  which 
could  be  of  a  considerable  value  in  increasing  the 
diffusion  and  entrainment  For  example,  a  train  of 
puffs  in  a  cross  flow  has  a  deeper  penetration 
depth  in  comparison  with  steady  jets,  which  may 
sweep  through  the  suirounding  gases  and  increase 
the  mixing  rate. 

The  second  objective  of  our  study  is  to 
investigate  how  an  improved  mixing  rate  effects 
the  emission  of  NO,  from  a  steady  gas  jet  flame. 
The  Zel’dovich  chain  mechanism  of  the  thermal 
NO,  has  been  assmned  to  be  a  dominant  NO, 
formation  process  in  the  combustion  of  natural  gas. 
However,  compared  to  the  combustion  process,  it 
occurs  at  rather  high  temperature  and  at  a  slow 
rate,  spread  over  a  few  milliseconds.  Thus,  to 
control  the  NO,  exhaust,  both  the  combustion 
temperature  and  the  combustion  time  need  be 
reduced.  Present-day  burners  usually  involve  with 
low  oxidant  excess  combustion  such  as  partially 
aerated  and  slotted  burners,  with  flame  cooled  by 
water  injection,  by  ceramic  or  metal  rods  placed  in 
the  flame,  or  with  radiating  surfaces  such  as 
ceramic  or  metallic  fiber  burners.  Although  these 
burners  can  reduce  the  NO,  exhaust  to  some 
degree,  many  disadvantages  still  remain.  For 
example,  reducing  the  excess  oxidant  prolongs  the 
flame  length  and  might  result  in  the  formation  of 
carcinogenic  products  of  incomplete  combustion  of 
benzopyrene  type;  flame  cooled  by  metallic  rods  or 
by  radiating  surfaces  reduces  the  overall  thermal 
output. 

The  most  effective  way  to  reduce  NO, 
emissions  from  natural  gas  burners  is  to  aeate  a 
reverse  flow  of  the  combustion  products  into  the 
flame  before  it  reaches  its  maximum  temperature. 


Recirculation  can  be  introduced  either  externally 
by  employing  a  recirculation  device  (such  as  a 
swirl,  a  central  bluff  body  etc.)  or  internally  by  the 
dynamic  action  of  the  fuel  and  air  flowing  out  of 
the  burner  in  the  furnace. 

Peters  and  Donnerhack  (1981)  studied  the  NO, 
production  in  a  turbulent  diffusion  flame  and 
observed  a  Reynolds  and  a  Fraud  number 
dependence  of  the  NO,  emissions.  A  theoretical 
formula  was  developed  to  predict  the  influence  of 
the  kinetics,  the  residence  time  and  the  flame 
length  on  the  NO,  emission  index  (defined  as  NO, 
production  rate  normalized  by  the  fuel  mass  flow 
rate).  When  the  influence  of  the  nozzle  diameter 
was  considered  a  Re'®“Fr®”  dependence  was 
proposed  for  scaling  the  NO,-emission  index. 

Chen  and  Driscoll  (1990)  studied  the  effects 
coaxial  air  velocity,  Reynolds  number,  and 
Damkohler  number  on  the  total  nitric  oxide 
emissions  of  a  hydrogen  diffusion  flame.  They 
reported  a  significant  reduction  of  NO,  by  forcing 
coaxial  air  into  the  flame.  By  using  the  ratio  of  air 
velocity  to  fuel  velocity  (vJVf),  together  with  the 
fuel  gas  Reynolds  number  they  were  able  to 
predict  successfully  the  reduction  of  the  NO,  with 
the  increased  yjVf.  For  methane  flames  with 
coaxial  air  flow,  however,  the  NO,  emission  levels 
did  not  decrease  for  V/Vf  up  to  0.15  and  the 
decrease  of  NO,  emission  was  expected  to  occur 
for  larger  values  of  V,/V,. 

Tomeczek  et  al  (1994,1995)  studied  the  NO, 
emissions  from  large  scale  natural  gas  flames. 
They  concluded  that  to  attain  successfiil  NO, 
abatement  it  is  necessary  to  guarantee  a  good 
mixing  of  the  flue  gases  with  the  combustion  air. 
A  reduction  of  NO,  up  to  70%  with  only  15-20% 
flue  gas  recirculation  was  reported.  The  influences 
of  air  and  fuel  velocity,  air  swirl  angle,  air 
preheating  temperature,  fiunace  wall  temperature 
etc.  on  NO,  emissions  were  investigated.  The  ratio 
of  the  coaxial  air  to  fuel  velocity  was  found  to  be 
an  important  parameter  detennining  NO,  emissions 
and  its  effect  on  NO,  emissions  showed  a  similar 
trend  to  that  reported  by  Chen  and  Driscoll  (1990). 
The  influence  of  gasdynamics  on  NO,  emission 
was  described  very  well  using  the  ratio  of  the 
coaxial  air  to  fuel  velocity  and  the  ratio  of  the 
coaxial  air  to  fuel  momentum  density  together  with 
the  air  preheating  and  the  wall  temperature. 

The  influence  of  mixing  on  the  flame 
characteristics  and  the  formation  of  NO,  in  semi- 
industrial  scale  oxy-natural  gas  flames  was 
investigated  by  Hedley  et  al  (1995).  They  reported 
that  the  mixing  angle  and  increased  oxygen 
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injection  velocity  results  in  increasing  strength  of 
the  recirculation  and  hence  reduced  NO,. 

Since  the  properties  of  a  diffusion  flame 
depend  strongly  on  both  fuel  and  air  flow 
conditions,  for  this  objective,  the  present  work  will 
study  the  NO,  emissions  of  a  natural  gas  flame  for 
a  variety  of  fuel  and  air  flow  conditions.  The  aim 
is  to  develop  a  NO,  scaling  which  could  be  useful 
for  burner  design.  It  will  be  shown  later  that  an 
increase  of  the  air  velocity  shortens  the  flame 
length  and  forces  the  jet  flame  to  exist  closer  to 
the  nozzle  tip  where  the  velocities  are  larger.  This 
reduces  the  local  residence  time  and  the 
combustion  zone  volume.  It  is,  therefore,  that  the 
reduction  of  NO,  by  increasing  the  air  velocity 
may  affect  the  emissions  of  other  unwanted  species 
such  as  the  unbumed  hydrocarbon.  Thus  it  is  also 
of  equal  importance  to  investigate  the  emissions  of 
the  unbumed  hydrocarbon  for  a  variety  flow 
conditions  in  order  to  identify  a  crossover 
condition  that  can  benefit  both  NO,  and  THC 
reduction, 

2.  EXPERIMENTS 

The  experimental  apparatus  used  in  the  study 
consisted  of  a  combustion  chamber,  a  gas  nozzle 
unit,  and  a  gas  handling  system  coupling  with  a 
gas  mixer  and  an  electrical  heater. 

The  combustion  chamber  was  a  pyrex  glass 
tube  of  20  cm  diameter  and  70  cm  long.  At  one 
end,  the  chamber  was  attached  to  a  base  that  was 
designed  to  house  a  gas/air  injection  unit  at  its 
center  and  to  have  ports  for  temperature 
monitoring  and  ignition  source.  The  other  end  was 
fitted  with  gas  lines  for  on-line  NO,,  unbumed 
hydrocarbons,  CO2  and  O2  monitoring.  The  air/gas 
injection  unit  had  a  cylindrical  shape  with  an 
inside  diameter  of  2.5  cm,  an  outside  diameter  of 
5  cm  and  a  length  of  2  cm.  It  was  made  out  of 
brass.  Its  end,  facing  the  chamber,  attached  to  a 
brass  orifice  plate  while  two  gas  supply  lines  were 
fitted  into  the  other  end.  The  plate  had  19  holes  of 
equal  size.  The  gas  nozzle  unit  had  a  contoured 
nozzle,  a  solenoid  valve  with  the  associated 
electronic  control  circuit  The  nozzle  was  made 
from  stainless  steel  with  the  inlet  diameter  of  2.5 
cm  and  the  exit  diameter  of  0.158  cm.  It  was 
situated  inside  the  gas/air  injection  unit.  The 
solenoid  valve  had  an  opening  diameter  of  0.65  cm 
and  maximum  operating  frequency  of  about  15  Hz. 
Opening  and  closing  the  solenoid  valve  was  done 
by  a  solid  state  relay  which  was  controlled  by  a 
digital  output  board  (b  AS-08).  The  frequency  and 


duration  of  the  injection  was  determined  by  a 
software  controlling  the  board  to  produce  square 
non-symmetrical  waveforms. 

Methane,  (density  p  =  0.652  kgAn^  and 
viscosity  ji  =  1,1  x  lO'^  kgAn-s),  from  a  high 
pressure  cylinder  was  used  in  the  present  study. 
The  pressure  was  regulated  and  set  at  160  kPa 
throughout  the  tests.  Steady  flow  rates  were 
maintained  constant  between  38  to  170  cmVs  for 
mpithanft  and  300  to  2800  cmVs  for  air.  For  the 
"pulsed"  jet  flame,  the  frequency  was  varied 
between  0  to  5  Hz  and  fuel  injection  times  were 
varied  between  60  to  200  ms.  Combustion 
experiments  were  supported  by  several  on-line  total 
hydrocarbon,  oxygen  NO,,  CO2,  and  Oj  analyzers. 
A  high  speed  digital  imaging  system  was  used  for 
visualizing  the  flow  pattern  and  the  mixing 
process. 

3.  RESULTS  AND  DISCUSSIONS 

Our  observations  showed  that  without  air 
injection,  the  flame  was  lazy  and  yellow  indicating 
the  presence  of  soot.  When  air  was  injected  a 
stagnation  point  region  was  formed  on  top  of  the 
flame  that  marked  the  farthest  penetration  of  the 
fuel  jet.  The  stagnation  region  then  acted  like  an 
obstacle  to  reverse  the  flow  of  both  fuel  and  air 
back  to  the  nozzle  creating  a  strong  recirculation 
zone  at  the  flame  base.  This  flow  pattern 
increased  dramatically  the  fuel  to  air  mixing 
process.  For  a  given  fuel  flow  rate,  as  air  flow 
rate  was  increased,  the  stagnation  point  region 
moved  toward  the  nozzle  and  the  recirculation 
became  stronger.  As  a  result,  the  flame  was  seen 
to  bum  closer  to  the  nozzle  tip.  The  flame  was 
noisy,  compact  and  so  intensely  blue  that  the  flame 
was  visible  only  when  the  laboratory  was 
darkened.  For  a  fixed  air  flow  rate,  as  fuel  flow 
rate  was  increased,  the  stagnation  contour  was 
deformed  and  moved  upward  weakening  the 
recirculation  zone.  Further  increasing  the  fuel  flow 
rate  the  fuel  jet  penetrated  through  the  stagnation 
contour  and  air  entrained  into  the  flame  along  its 
axis.  The  flame  completely  reverted  from  a  short, 
intensely  blue  and  noisy  to  a  longer  and  jet-like 
premixed  flame. 

Flame  lengths  were  measured  for  a  wide  range 
of  fuel  flow  rates  (Qf),  air  flow  rate  (QJ,  air 
injection  momentum,  etc.  For  a  given  test,  the 
desired  fuel  flow  rate  and  flame  length  for  a  steady 
jet  diffusion  flame  were  deteraiined  first.  With  the 
solenoid  valve  being  activated  to  fully  open  for 
about  5  min,  the  flow  rate  was  detemiined  by 
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Figure  1.  Flame  Length  with  air  injection 

normalized  by  the  flame  length 
without  air  injection  as  a 
function  of  air  flow  rates  (Fuel 
flow  rate:  43.33  cmVs;  d^:  0.158 
cm;  d,:  ■:  0.079  cm;  +:  0.158 
cm;  O:  0.316  cm) 


adjusting  the  control  valve  of  the  flowmeter  on  the 
gas  control  panel.  When  the  fuel  flow  rate  was  set, 
combustion  air  was  introduced  via  the  combustion 
air  ring.  The  air  flow  rates  were  increased  and  the 
flame  length  was  recorded  using  two  high  speed 
digital  video  cameras. 

Typical  data  showing  the  effects  of  fuel  flow 
rate,  air  flow  rate,  and  air  injection  velocity  on  the 
flame  length  were  given  in  Figs.  1  and  2.  In 
general,  the  flame  length  with  air  injection  was 
five  to  six  times  shorter  than  that  of  a  simple  flame 
in  a  quiescent  air.  A  substantial  reduction  of  the 
flame  length  occurred  by  increasing  the  air  flow 
rate,  keeping  fuel  flow  rate  fixed  or  conversely  by 
lowering  the  fuel  flow  keeping  air  flow  rate  fixed. 
A  substantial  shortening  of  the  flame  length  also 
occurred  by  inaeasing  the  air  injertion  velocity 
while  both  fuel  and  air  flow  rates  were  kept 
constant.  The  present  results  are  similar  to  the 
observations  made  by  Chen  and  Driscoll  (1988),  in 
a  study  of  the  role  of  the  recirculation  vortex  in 
improving  fuel-air  mixing.  They  concluded  that 
the  vortex  recirculation  governs  the  mixing  process 


Fuel  Flow  Rate,  Q„  (cmVs) 


Figure  2.  Flame  Length  normalized  by 

nozzle  diameter  as  a  function  of 
fuel  flow  rates  (d,:  0.237  cm;  d^: 
0.158  cm;  air  flow  rates:  ■: 
1317  cmVs;  -h:  1678  cmVs;  □: 
2450  cmVs) 


and  of  a  flame  and  that  the  flame  length  decreases 
substantially  with  the  increased  air  velocity. 

To  investigate  the  effect  of  the  air  injection  on 
NO,  emissions,  measurements  were  carried  out  for 
a  wide  range  of  fuel  and  air  flow  conditions.  Four 
different  fuel  flow  rates  (38.33,  78.33,  138.33,  and 
166.6  cmVs),  air  flow  rates  up  to  2500  cm  Vs  and 
four  air  injector  diameters  (0.079  cm,  0.158  cm, 
0.237  cm,  and  0.316  cm)  were  used. 

For  such  a  variety  of  flow  conditions  we 
observed  NO,  emissions  ranging  from  5  ppm  to  64 
ppm  and  a  significant  dependence  of  NO, 
emissions  on  fuel  flow  rates,  air  velocity  and  air 
mass  flow  rates.  As  shown  in  Fig.  3,  for  a  fixed 
fuel  flow  rate,  as  the  air  flow  velocity  increased 
the  NO,  emission  significantly  decreased  and 
leveled  off  at  a  constant  value  which  was  from  5 
ppm  to  about  15  ppm  depending  on  the  fuel  mass 
flow  rate.  Such  a  substantial  decrease  in  NO, 
emissions  also  occurred  by  lowering  the  fuel  flow 
rate  keeping  air  velocity  rate  constant.  The 
reduction  of  NO,  presented  in  these  figures  is 
caused  by  the  recirculation  of  the  combustion 
products  into  the  flame.  This  is  because  the 
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Figure  3.  NO;j  emissions  as  a  ftmction  of 

air  velocity:  Effects  of  fuel  flow 
rate  (d,  =  0.158  cm;  df  =  0.158 
cm;  fuel  flow  rate:  ■:  38.33 
cmVs;  +:  78.83  cmVs;  *: 
138.33  cmVs;  Cl;  166.6  cmVs) 

conditions  for  tbe  recirculation  of  the  combustion 
products  into  the  flame  are  determined  almost 
entirely  by  the  air  injection  momentum  as  observed 
by  our  present  experiments. 

The  effect  of  the  air  mass  flow  rate  on  NO;; 
reduction  can  be  investigated  using  Fig.  4  which 
showed  data  on  NO;;  emissions  versus  the  air 
velocity,  at  three  different  air  injector  diameters. 
It  is  clear  that  the  reduction  of  NO;;  also  occuired 
by  increasing  the  air  mass  flow  rate  while  both 
fuel  flow  rate  and  air  injection  velocity  were  kept 
constant.  However,  the  effect  of  the  air  mass  flow 
rate  on  NO,  emissions  was  much  less  significant 
than  the  effect  of  air  velocity  or  of  fuel  mass  flow 
rate. 

In  practice,  it  is  of  interest  to  relate  the  NO, 
emission  to  both  fuel  and  air  flow  conditions  in 
order  to  obtain  the  NO,  scaling  which  could  be 
useful  for  burner  design.  For  a  simple  jet  diffusion 
flame  in  a  quiescent  air  the  amount  of  NO, 
emission  has  been  related  to  the  fuel  gas  Reynolds 
number  by  Peters  and  Donneiliack  (1981).  Chen 
and  Driscoll  (1990)  used  the  ratio  of  air  velocity  to 
fuel  velocity  to  correlate  NO,  emissions  from 
coaxial  air-hydrogen  diffusion  flames.  For 
industrial  flames  the  NO,  scaling  is  more  difficult 
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Figure  4,  NO,  emissions  as  a  function  of 

air  velocity:  Effects  of  air  mass 
flow  rate  (df  =  0.158  cm;  fuel 
flow  rate:  138.33  cmVs;  +:  d,  = 
0.158  cm;  *:  d,  =;  0.237  cm; 
□:  d,  =  0.316  cm) 


because  of  the  complex  shape  of  the  air  and  fuel 
nozzle  of  the  burner.  Available  data,  however, 
show  that  NO,  emission  decreases  when  air 
velocity  increases,  Tomeczek  et  al  (1994,1995). 
Our  data  confirm  such  a  behavior  as  shown  in  Fig. 
5  and  6  where  data  on  NO,  emissions  were  plotted 
against  the  ratio  of  air  to  fuel  velocity,(  V^Vj),  and 
the  ratio  of  air  to  fuel  Reynolds  number  ratio, 
(Re^/ROf),  respectively.  The  present  data  showed 
a  significant  decrease  of  NO,  for  V^V,  less  than  1 
and  for  larger  values  of  the  air  velocity  to  fuel 
velocity  ratio  the  reduction  of  NO,  was  much  less 
significant.  In  these  figures,  the  solid  lines,  which 
were  calculated  using  an  equation  similar  to  the 
one  proposed  by  Tomeczek  et  al  (1995),  agreed 
very  well  with  the  measmed  data.  Thus  it  is  clear 
that  there  is  an  excellent  correlation  between  NO, 
emissions  and  these  ratios  and  the  NO,  emissions 
can  be  predicted  using  either  one  of  these  three 
ratios. 

Since  the  properties  of  a  diffusion  flame 
depend  strongly  on  both  the  fuel  and  air  flow 
conditions  the  reduction  of  NO,  by  increasing  the 
air  velocity  or  by  lowering  the  fuel  flow  velocity 
may  also  affect  the  emissions  of  other  imwanted 
species  such  as  the  imbumed  hydrocarbon.  Thus 
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Figure  5.  Effect  of  V^f  on 

emissions  (■:  measured;  the 
solid  line  calculated  from 
NO,(ppm)  =  12.43(VyVf)-°^) 

it  is  of  importance  to  investigate  the  emissions  of 
the  imbumed  hydrocarbon  for  a  variety  flow 
conditions  in  order  to  identify  a  crossover 
condition  that  can  benefit  both  and  THC 
reduction. 

Data  in  Figs.  7  and  8  showed  the  total 
unbumed  hydrocarbon  in  the  exhaust  gases  for  a 
variety  of  fuel  and  air  flow  conditions.  It  is  clear 
that,  for  a  fixed  fuel  velocity  the  unbumed 
hydrocarbon  emissions  increased  substantially  as 
the  air  velocity  increased.  For  a  given  air  velocity 
a  substantial  increase  of  the  total  unbumed 
hydrocarbon  emissions  also  occuired  when  the  fuel 
velocity  decreased. 

For  a  given  fuel  velocity,  if  air  velocity  is  not 
high  enough  to  form  a  stagnation  contour  on  top  of 
the  flow,  the  flame  is  long  and  intense  with  air 
rapidly  entraining  into  the  flame  along  its  axis.  As 
a  result  the  flame  temperature  is  high  leading  high 
NO^  emissions.  Since  the  flame  is  long  the  fuel 
has  enough  time  to  bum  resulting  in  high  COj  and 
low  THC  emissions.  For  example,  at  air  velocity 
of  2396  cm/s,  an  increase  of  the  fuel  velocity  from 
6909  cm/s  to  8425  cm/s  resulted  in  an  increase  of 
NOj  emissions  from  34  ppm  to  46  ppm  and  a 
decrease  of  the  unbumed  hydrocarbon  from  7  ppm 
to  1  ppm.  The  decrease  of  the  THC  emissions 
indicated  that  more  fuel  was  burned  in  the 


Figure  6.  Effect  of  RsJRef  on  NO,^ 

emissions  (■:  measured;  the 
solid  line  calculated  from 
NO,,(ppm)  =  24.24(Re^ef)-® ’) 

combustion  zone  as  indicated  by  the  increase  of 
the  CO2  concentration  in  the  exhaust  gases  from 
4,2%  to  5.1%  and  the  deaease  of  oxygen 
concentration  from  13%  to  11%  respectively.  If 
the  air  velocity  is  high  enough  the  stagnation 
contour  is  formed  creating  a  strong  recirculation 
zone  near  the  nozzle  tip  where  fresh  fuel  and  air 
intensely  mix  with  the  combustion  products.  As  a 
result,  the  flame  temperature  is  low  and  NO,^ 
emissions  are  reduced.  Because  the  flame  length 
is  short  the  jet  flame  is  forced  to  exist  closer  to  the 
nozzle  where  the  velocities  are  larger.  This 
reduces  the  local  residence  time  as  well  as  the 
reaction  zone.  Thus  there  may  exist  a  situation 
that  the  combustible  mixture  slip  over  the 
combustion  zone  before  it  has  enough  time  to  bum 
completely.  Thus  this  results  in  high  unbumed 
hydrocarbon  in  the  exhaust  gases.  For  example  at 
fuel  velocity  of  1938  cm/s  an  increase  of  the  air 
velocity  up  to  9973  cm/s  led  to  a  decrease  of  the 
NO,j  emissions  from  44  ppm  to  less  than  2  ppm 
while  the  total  unbumed  hydrocarbon  increased 
from  8  ppm  to  750  ppm. 

The  above  results  indicate  that  the  shroud  of 
the  combustion  air  has  a  strong  effect  on  the  flame 
length,  NO,  formation  and  the  total  unbumed 
hydrocarbon  emissions.  The  reduction  of  NO, 
always  is  associated  with  the  increase  of  the 
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Figure  7.  THC  emissions  as  a  fimction  of 

air  velocity:  Effects  of  fuel  flow 
rate  (d,  =  0.158  cm;  d,  =  0.158 
cm;  fuel  flow  rate:  ■:  38.33 
cmVs;  +•:  78.83  cm’/s;  *: 
138.33  cmVs;  O:  166.6  cmVs) 


unbumed  hydrocarbon.  A  crossover  condition  that 
benefits  both  NO,  and  unbumed  hydrocarbon  must 
be  identified.  With  the  conditions  used  by  the 
present  work  it  was  found  that  NO,  and  unbumed 
hydrocarbon  emissions  were  both  less  than  10  ppm 
at  the  ratio  of  air  to  fuel  velocity  of  about  1. 
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Figure  8.  THC  emissions  as  a  function  of 

VyVf 
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1.  ABSTRACT 

Experimental  characterisation  of  highly  turbulent  flows  in 
swirl  burners  has  revealed  complex  three  dimensional 
structures.  Advanced  diagnostic  tools  with  the  aid  of  the 
phase  averaging  techmque  has  made  it  possible  to 
experimentally  evaluate  the  complex  flow  patterns  and  to 
explain  the  combustion  principles. 

The  use  of  phase  averaging  is  limited  when  dealing  with 
highly  turbulent  swirling  flows.  Fine  structures  in  the  flow 
might  not  be  detected  and  the  interpretation  of  combustion 
principles  governing  the  rotating  flame  incomplete. 

The  aim  of  this  research  was  to  correlate  flow  visualisation 
techniques  to  the  results  obtained  using  phase  averaged 
analysis.  An  additional  vortex  in  the  rotating  flame  was 
found.  The  effect  of  this  vortex  on  the  combustion  process 
is  advantageous  and  correlates  very  well  with  the  main 
vortices  previously  found. 

2.  INTRODUCTION 

A  considerably  driving  force  for  research  into  the 
characteristics  of  swirl  burners  has  been  the  industrial 
desire  to  combust  poor  quality  fuels  efficiently,  particularly 
gaseous  fuels  with  low  calorific  value  (Gupta  et  al  (1984) 
and  Proud  et  al  (1995a).  Swirl  Burners  are  particularly 
useful  for  combusting  difficult  carboneous  materials  and 
poor  quality  gases. 

They  are  of  simple  geometrical  construction,  although  the 
aerodynamics  are  extremely  complex  due  to  the  high  levels 
of  turbulence.  Hence  flame  stabilisation  and  emissions  are 
the  main  problems  arising  from  a  lack  of  fundamental 
understanding  of  the  interaction  between  the  aerodynamics 
and  thermal  characteristics  within  the  swirling  flame. 
Sensitive  to  both  the  geometry  as  defined  by  the  geometric 
swirl  number  and  flow,  a  breakdown  phenomenon  occurs  at 
a  condition  where  a  three  dimensional  time  dependent  flow 
is  generated.  This  phenomenon  is  called  the  Processing 
Vortex  Core  (PVC).  Discovered  20  years  ago  by  Gupta  et 
al  (1984),  it  is  only  recently,  with  the  advancement  of  laser 
diagnostics  and  high  speed  photography  that  any  detailed 
analysis  has  been  successfully  undertaken. 


The  physical  appearance  of  the  PVC  in  swirling  flames 
reduces  the  flame  length  and  generates  a  high  emissivity 
flame.  It  creates  large  pressure  variations  within  the  flame 
such  that  to  stabilise  Ae  flame  a  closed  loop  feed  back 
system  is  established.  This  feedback  manifests  itself  as  a 
Reverse  Flow  Zone  (RFZ)  within  the  structure  of  the 
flame. 

It  is  this  RFZ  that  stabilises  the  flame  and  allows  the 
mixing  and  re-mixing  of  the  reactants,  such  that  efficient 
combustion  takes  place.  It  has  also  been  noticed  that  the 
PVC  is  present  many  burner  exit  diameters  downstream 
within  the  exhaust  region  of  the  flow  (Yazdabadi  et  al 
(1994)). 

Phase  averaged  Laser  Doppler  Anemometry  (LDA) 
measurements  at  Cardiff  University  by  Fraud  et  al  (1994 
and  1995b)  revealed  the  highly  complex  flow  structures  and 
funded  the  basis  for  further  investigations.  The  same 
phenomena  has  been  investigated  with  similar  techniques  by 
Yazdabadi  et  al  (1994)  and  isothermal  results  from  cyclone 
dust  separators  are  available  for  comparison.  Lucca-Negro 
and  O’Doherty  (1996)  are  currently  modelling  the 
isothermal  flow  in  an  industrial  scaled  swirl  burner  and  the 
three  dimensional  time  dependent  predictions  are  in  good 
qualitative  and  quantitative  agreement  when  compared  to 
LDA  measurements. 

As  a  non  intrusive  technique  High  Speed  Photographic  flow 
visualisation  under  combustion  conditions  was  used  to 
characterise  the  swirling  flow.  A  16  mm  high  speed 
camera,  synchronised  with  the  laser,  was  used  to 
photograph  the  flow  highlighted  by  the  laser  sheet  when 
seeded  with  suitable  discrete  particles. 

Additional  coherent  structures  were  found  associated  with 
the  PVC  but  resolution  limitations  of  the  high  speed 
photography  did  not  allow  further  investigations,  PTV 
(Particle  Tracking  Velocimetry)  images  under  isothermal 
conditions  were  obtained  to  further  characterise  the  flow. 
The  experimental  set-up  was  similar  to  that  of  the 
highspeed  photography.  A  controller  was  used  instead  of 
continuous  synchronisation  to  trigger  a  still  camera  and  the 
laser  to  fire  pulses  at  a  certain  frequency  simultaneously. 
This  results  in  multiple  exposed  single  frame  images. 
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Figure  1:  Experimental  Set-Up 
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3.  APPARATUS  AND  EXPERIMENTAL 
CONDITIONS 

The  results  presented  in  this  paper  were  obtained  under 
isothermal  as  well  as  combustion  conditions.  For 
isothermal  conditions  PTV  was  used  and  for  combustion 
conditions  high  speed  photography  was  used  to  visualise  the 
flow. 

Test  Rig 

A  150  kW  model  swirl  burner  was  used.  It  is  of  simple 
design  and  a  1/4  scale  model  of  a  large  scale  2  MW  swirl 
burner.  The  furnace  was  removed  to  allow  complete  access 
for  flow  visualisation.  The  tangential  inlets  were  reduced 
by  50  %  in  cross-sectional  area  by  the  use  of  inserts,  hence 
the  geometric  swirl  number  increased.  By  varying  the 
tangential  inlet  area  the  geometrical  swirl  number  could  be 
varied  between  0.8  and  4.  In  this  particular  case  90  %  of 
the  gas  was  premixed  in  the  two  tangential  inlets  of  the 
burner,  and  the  final  10  %  added  axially  to  the  bottom  of 
the  swirl  burner.  This  corresponds  to  a  volumetric  mixture 
ratio  of  1.4,  hence  40  %  excess  air  was  present  in  this  par¬ 
ticular  configuration.  The  geometrical  swirl  number  S  of 
the  burner  was  1.5  for  all  the  experiments  described  in  this 
paper. 

Seeding: 

Two  types  of  discrete  particles  were  used  to  seed  the  flow 
for  both  isothermal  and  combusting  flow.  In  the  case  of 
combustion  the  flow  was  seeded  with  submicron  titanium 
dioxide  particles  of  a  size  of  0.1-1  pm  to  enhance  the  self 
illuminating  effect  of  the  rotating  flame  and  to  visualise  the 
flow  around  it.  For  the  isothermal  case  spherical  glass  balls 
of  a  measured  mean  diameter  of  30  pm  were  used.  They 


followed  the  strong  swirling  flow  very  well  and  provided 
excellent  reflection  characteristics  to  visualise  the  same 
area  of  the  flow  as  under  combustion  conditions.  This  could 
not  be  achieved  with  titanium  dioxide  particles  since  the 
amount  of  light  reflected  by  the  particles  and  the  sensitivity 
of  the  film  could  not  be  matched. 

Illumination-Systein: 

As  a  light  source  a  CUIO-A  Copper  Vapour  Laser  from 
Oxford  Lasers  Ltd  was  used.  The  laser  produces  light  at  a 
wavelength  of  510.6  nm  at  burst  frequencies  ranging  from 
2  to  30  kHz  and  with  a  typical  power  output  of  9  mJ  per 
pulse.  One  cylindrical  lens  and  two  spherical  lenses  to 
produce  a  constant  light  sheet  of  1.5  mm  thickness.  Figure 
1  shows  the  two  operation  modes  used  for  the  experiments. 
For  high  speed  photography  the  laser  was  directly 
synchronised  by  the  high  speed  camera.  For  PTV  the  laser 
was  operated  by  a  controller  to  modulate  the  burst  pulses 
determined  by  the  controller  (Fick  et  al  (1996a)). 

Still  Camera: 

To  record  multiple  pulses  on  single  frame  a  Nikon  F-801s 
still  camera  was  used.  High  sensitive  colour  35  mm  film 
(ISO  1600)  was  used  to  record  multiple  exposed  PTV 
images.  The  film  was  specially  developed  to  enhance  the 
resolution.  The  images  were  digitised  with  a  high 
resolution  scanner. 

High  Speed  Camera: 

A  Photec  high  speed  cine  photography  system  was  used  to 
record  single  exposed  high  speed  film  sequences.  16  mm 
RAR  Kodak  film  was  used  for  the  camera.  Developing 
solutions  and  speeds  were  chosen  to  maximise  the  contrast 
of  the  developed  film. 
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Figure  3:  Plan  View  High  Speed  Sequence  of  the  PVC 
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Figure  4:  Isothermal  PTV  Image  of  Flow  Figure  5:  High  Speed  Snap  Shot  under  Combustion  Conditions 


4.  VISUALISATION  TECHNIQUES 

The  main  objectives  of  this  work  were  to  visualise  the  PVC 
and  the  flowfield  associated  with  the  aid  of  laser  based 
techniques  to  further  explain  the  complex  aerodynamics 
caused  by  this  phenomena  and  to  determine  its  impact  on 
the  combustion  characteristics.  For  both  High  Speed 
Photography  and  PTV  analogue  recording  media  were 
used. 


Recording 

Media 

Photographic 

Resolution 

Resolution  Digitised 
Image 

16  mm  Film 

780  X  1070 
pixels 

240  X  320  pixels 
(Real  Time  Frame 
Grabber  Card) 

35  mm  Film 

2400  X  3600 
pixels 

2400  X  3600  pixels 
(High  Resolution 
Scanner) 

Table  1:  Resolution  Limits  of  Recording  Media 


The  photographic  resolution  limits  are  based  on  the 
resolution  of  conventional  film.  This  is  generally  100  lines 
per  mm.  Due  to  more  advanced  lenses  and  better  film 
quality  of  the  35  mm  technique  the  resolution  is  estimated 
to  be  considerably  higher  as  described  in  Table  1 . 
Therefore  the  use  of  High  Speed  Photography  with  a  pulsed 
laser  source  does  not  resolve  fine  enough  to  investigate  fine 
structures  in  an  isothermal  flow. 

High  Speed  Photography 

High  Speed  Photography  was  used  under  combustion 
conditions  in  this  case  to  visualise  the  rotating  flame. 
Figure  1  shows  the  experimental  set-up.  The  self 
illuminating  effect  of  the  rotating  flame  was  enhanced  by 
the  seeding  and  the  laser  light.  The  surroundings  were 
highlighted  by  the  laser  sheet  showing  the  varying 
boundaries  of  the  flame. 


Two  different  speeds  were  chosen  to  photograph  the  flow. 
2000  fps  (frames  per  second)  for  the  plan  view  and  3000 
fps  for  side  view.  At  those  speeds  the  power  output  of  the 
laser  and  the  sensitivity  of  the  high  speed  film  could  be 
matched  to  give  the  best  results.  With  an  approximate 
frequency  of  the  PVC  of  100  Hz  this  results  in  20  or  30 
frames  per  revolution  respectively. 

The  images  were  transferred  to  VHS  video  tape.  A  VHS 
video  recorder  connected  to  a  real  time  video  capture  card 
mounted  in  a  PC  was  then  used  to  digitise  images  for 
presentation. 

Since  an  absolute  starting  point  of  the  PVC  on  the  high 
speed  sequences  is  hard  to  determine,  the  positions  on 
Figures  2  and  3  do  not  mark  the  absolute  position  of  the 
PVC  in  a  particular  cycle,  but  show  various  positions  in  a 
cycle  relatively  to  each  other. 

PTV 

PTV  images  as  shown  in  Figure  4  in  this  case  were 
obtained  under  isothermal  conditions  to  be  compared  to  the 
results  obtained  under  combustion  conditions  as  shown  in 
Figure  5.  High  Speed  Photography  did  not  prove  as 
successful  in  this  case  due  to  resolution  limits  of  the 
recording  media. 

5.  RESULTS  AND  DISCUSSION 

Research  in  this  area  has  been  directed  to  investigate  high 
levels  of  swirl  in  inert  as  well  as  reacting  flows.  LDA 
measurements  carried  out  previously  by  Froud  et  al  (1994 
and  1995b)  described  the  occurrence  of  the  PVC  in  swirl 
burners  with  rotating  velocity  fields,  the  dissipation  of 
energy  in  swirling  reactors  is  described  by  O’Doherty  et  al 
(1992)  and  temperature  characterisation  of  the  rotating  flow 
by  Fick  et  al  (1996b  and  1996c). 

The  insight  gained  via  flow  visualisation  is  expected  to 
correlate  previous  findings  and  to  fund  the  basis  for  further 
applications  of  optical  techniques. 
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The  occurrence  of  the  PVC  and  its  associated  structures  are 
considered  to  be  of  paramount  importance  for  the 
combustion  of  low  calorific  value  gases.  The  high  levels  of 
mixing  caused  by  the  PVC  and  the  presence  of  an 
associated  rotating  large  off  centre  RFZ  are  substantial  to 
the  combustion  of  low  calorific  value  gases  in  swirl  burners 
under  premixed  conditions. 

The  Vortex  Breakdown,  the  PVC  and  the  RFZ 

Figure  2  shows  a  side  view  high  speed  photographic 
sequence  for  one  revolution  of  the  PVC  in  steps  of  24°. 
The  two  black  dashes  at  the  bottom  of  each  picture  mark 
the  burner  exit.  The  PVC  shows  the  typical  curved  and 
bent  structure  as  found  in  previous  work  (Froud  et  al 
(1995b)  and  Pick  et  al  (1995b)).  The  PVC  in  this  case 
rotates  clockwise  and  is  bent  anticlockwise  against  the 
direction  of  the  rotating  flow.  Four  subsequent  pictures  of 
each  column  in  Figure  2  confirm  how  the  PVC  bents  after 
90°  in  a  cycle.  At  120°  (which  corresponds  to  about  180° 
in  an  absolute  cycle)  the  PVC  moves  towards  the  back  and 
at  312°  (0°  in  an  absolute  cycle)  the  PVC  moves  towards 
the  front. 

Some  important  features  of  the  PVC  are  clearly  visualised 
in  Figure  2. 

•  The  PVC  continuously  changes  its  shape  and 
appearance,  even  several  times  within  a  single  cycle. 

•  The  breakdown  of  the  PVC  (i.e.  the  breakdown  of  the 
flame)  at  about  one  burner  exit  diameter  downstream  is 
not  clearly  defined  and  occurs  in  an  irregular  way  over 
1  complete  cycle. 

•  The  flameffont  breakdown  is  essential  to  the  RFZ,  it 
feeds  the  RFZ  and  hence  increases  the  residence  time 
of  hot  (and  unbumed)  combustion  reactants. 

•  The  boundaries  of  the  flame  are  dependent  on  the  PVC 
and  subsequently  axisymmetric. 

Pick  et  al  (1996b)  found  that  two  types  of  flames  were 
identified  in  the  rotating  temperature  fields.  This  is  now 
confirmed  with  the  high  speed  sequences.  The  outer  flame 
is  stabilised  by  premixing  and  surrounds  the  PVC.  The 
inner  flame  is  stabilised  by  diffusive  mixing  and  the  RFZ. 
As  can  be  seen  in  Figure  2  the  flamefront  breakdown  does 
not  only  supply  hot  combustion  reactants  but  as  well  active 
combustion  species.  At  24°  a  part  of  the  tip  of  the 
flameffont  breaks  off  and  combustion  of  this  fragment  is 
maintained  till  about  264°.  This  provides  reignition  for  the 
reactants  in  the  RFZ  and  proves  the  fuel  rich  nature  of  the 
RFZ.  Also  the  recirculation  zone  plays  an  important  role  in 
flame  stabilisation  by  providing  a  hot  flow  of  recirculated 
combustion  products  and  a  reduced  velocity  region  where 
flame  speed  and  velocity  can  be  matched  and  allow  efficient 
combustion  to  take  place. 

Figure  3  shows  a  plan  view  high  speed  sequence  of  the 
PVC.  The  dashed  cycles  on  each  picture  mark  the  burner 
exit.  Again,  it  evidently  shows  the  highly  turbulent  nature 
of  the  PVC  and  the  flamefront  breakdown  that  partially 
directly  feeds  the  RFZ.  Figure  3  at  180°  actually  shows 
that  the  “fireball”  remaining  behind  the  PVC  in  Figure  2  is 
not  spherical,  but  crescent  in  shape.  This  corresponds  very 
well  to  crescent  shaped  regions  of  high  and  low  tangential 


and  axial  velocity  regions  found  180°  opposite  to  each 
other  in  rotating  velocity  contour  plots  by  Froud  et  al 
(1995).  The  same  is  reflected  in  the  phase  averaged 
temperature  contour  plots  by  Pick  et  al  (1996)  where  a 
crescent  shaped  region  of  high  temperatures  was  found  to 
lag  the  PVC  by  180°. 

The  Vortex  Breakdown  and  the  Outer  RFZ 

Figure  4  shows  an  isothermal  PTV  image.  The  PVC  is 
situated  at  180°  in  absolute  co-ordinates,  180°  opposite  to 
the  vortex  on  the  right  in  Figure  4.  This  isothermal  PTV 
image  corresponds  very  well  to  Figure  5,  which  is  a  frame 
taken  from  a  high  speed  sequence  under  the  same  inlet  flow 
conditions.  In  both  picmres  the  PVC  is  at  the  same  position 
and  a  second  vortex  appears  geometrically  opposite. 

Not  only  does  the  PVC  leave  a  low  pressure  region  behind 
where  the  RFZ  forms  towards  the  geometric  centre  of  the 
system,  the  kinetic  energy  extracted  from  the  system  by  the 
PVC  and  the  RFZ  generates  a  second  vortex.  This  vortex  is 
three  dimensional  as  the  PVC  itself  and  the  RFZ. 

O’Doherty  et  al  (1992)  show  that  the  overall  pressure  drop 
of  the  system  with  respect  to  the  average  exhaust  velocity 
can  be  represented  as: 

AP,  =  AP,  +  =  E,  f  t/,' 

where: 

APy  =  pressure  drop  across  the  swirling  flow 
AP^  =  pressure  loss  across  the  exhaust  nozzle 
APpyc  =  system  pressure  drop  caused  by  the  PVC 

£  =  Euler  number 

p  =  density 

U  =  mean  axial  velocity 

Subscript  e  =  exhaust 

The  driving  of  the  PVC  absorbs  significant  quantities  of 
energies  which  is  reflected  in  an  increased  system  pressure 
drop  (O’Doherty  et  al  (1992)). 

It  is  mainly  due  to  APp^^  that  an  additional  vortex  structure 
opposite  the  PVC  can  originate.  It  directs  part  of  the  axial 
and  tangential  flow  towards  the  geometric  centre  where 
premixed  gas  and  air  sustain  the  RFZ.  Figure  4  shows  that 
a  flame  is  maintained  around  this  vortex  which  has  its  own 
feedback  mechanism  as  the  reactants  follow  the  circular 
motion  or  join  the  flow  as  the  PVC  appears  180  °  later  in  a 
cycle. 

The  effect  of  the  outer  recirculation  zone  is  expected  to  be 
enhanced  under  confined  conditions  where  a  low  pressure 
region  is  typically  present  between  the  burner  rim  and  the 
furnace  wall. 

Figure  6  shows  averaged  temperature  profiles  under 
confined  conditions.  Stick  formed  R-type  thermocouples 
were  used  for  these  measurements.  10000  samples  were 
taken  at  a  speed  of  1  kHz  and  averaged. 

The  experimental  conditions  were  the  same  as  for  High 
Speed  Photography  under  unconfmed  conditions. 

The  attachment  point  of  the  flame  to  the  wall  was  at  about 
x/De=l  which  is  the  same  height  as  the  flamefront 
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breakdown  in  Figures  2  and  5.  At  x/De=0.4  and 
x/De=0.8  the  fluctuations  are  highest.  This  marks  the 
border  of  the  PVC.  At  x/De=0.4  in  particular  there  is  even 
an  increase  in  temperature  from  the  furnace  wall  to 
r=45mm  before  the  temperature  substantially  decreases  at 
r=40mm  (burner  exit  radius).  This  indicates  an  outer 
reverse  flow  of  hot  combustion  reactants  towards  the 
bottom  of  the  furnace.  The  aerodynamics  governing  this 
flow  is  the  outer  RFZ  visualised  in  Figures  4  and  5. 


Distance  from  Geometric  Centre  r  (mm) 


Figure  6:  Average  Temperature  Profiles  under 
Confined  Conditions 

Regions  of  high  and  low  seeding  density  areas  in  Figures  4 
and  5  show  how  the  PVC  squeezes  the  coherent  flow 
resulting  in  an  acceleration  of  both  tangential  and  axial 
velocities. 

No  evidence  of  this  structure  has  been  found  in  other 
previous  measurements  (Froud  et  al  (1995b)  and  Fick  et  al 
(1996b)). 

It  is  hoped  that  the  application  of  PIV  will  reveal  more 
details  of  these  complex  flow  structures  and  therefor  allow 
even  better  interpretation  of  the  combustion  principles.  A 
validation  of  time  resolved  measurements  with  PIV  and 
flow  visualisation  is  expected  to  fully  explain  the 
occurrence  of  the  PVC  in  swirl  burners. 

6.  CONCLUSIONS 

The  results  of  the  visualisation  emphasise  the  importance  of 
reverse  flow  regions  as  feedback  mechanisms  for  an 
efficient  combustion  of  low  calorific  value  gases. 

The  additional  vortex  structure  found  correlates  very  well 
with  the  occurrence  of  the  PVC  and  the  RFZ  and  manifests 
their  existence  in  the  flame. 

The  averaged  temperature  profiles  under  confined 
conditions  strongly  indicate  an  outer  reverse  flow  region 
which  is  validated  through  the  existence  of  a  vortex 
recirculating  hot  reactants  in  the  opposite  direction  of  the 
main  flow  and  outside  the  main  area  of  the  flow. 

Another  important  area  in  this  research  is  the  investigation 
of  the  flamefront  breakdown  phenomenon.  The  results 


showed  that  it  appears  very  irregular  but  has  an  impact  on 
the  flame  shape  and  hence  the  combustion  process. 

The  results  presented  here  allow  more  insight  into  the 
mrbulent  nature  of  a  flowfield  governed  by  the  PVC.  They 
have  proved  to  be  of  considerable  benefit  in  so  much  that 
they  have  collaborated  the  previous  findings  in  using  optical 
techniques. 

It  is  envisaged  that  PIV  measurements  will  detail  flow 
patterns  in  specific  areas  of  the  flame.  The  overall 
knowledge  of  the  flow  regime  is  of  paramount  importance 
for  such  studies. 

Emission  measurements  were  carried  out  recently  on  an 
industrially  sized  swirl  burner  and  the  results  will  be 
available  soon. 
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ABSTRACT 

The  purpose  of  this  study  is  to  investigate  the  relation  be¬ 
tween  droplet  dynamics  and  spray  combustion  characteris¬ 
tics  near  a  burner  where  the  flame  is  held  by  recirculating 
flow.  Firstly,  three-dimensional  measurements  of  velocity 
and  gas  concentration  measurements  of  O2,  CO2  and  NO  near 
the  burner  were  carried  out  to  understand  the  flame-holding 
mechanism  and  fluctuation  characteristics.  Secondly,  mea¬ 
surements  of  the  aerodynamic  characteristics  of  combusting 
spray  made  in  a  small  industrial  oil  burner  were  carried  out 
by  a  phase  Doppler  anemometer  to  study  the  effect  of  the 
presence  of  droplets  in  turbulent  flow.  The  size-classified 
technique  is  used  with  the  relative  Reynolds  number  and  re¬ 
combined  two-dimensional  size-classified  droplet  velocity. 

The  results  show  that  a  two-dimensional  behavior  of 
spray  flame  can  be  demonstrated.  The  size-classified  drop¬ 
let  technique  can  provide  very  useful  information  on  droplet 
aerodynamics  and  dispersion.  The  follow  /  penetration  char¬ 
acteristics  of  spray  can  be  understood  very  well  in  consider¬ 
ation  of  the  features  of  classified  droplets.  Larger  droplets 
had  larger  mass  and  inertia,  and  thus  could  penetrate  through 
the  recirculation  flow  region.  Consequently,  larger  droplets 
formed  a  large,  luminous  flame.  On  the  other  hand,  smaller 
droplets  were  entrained  by  the  turbulent  air  flow  and  played 
the  role  of  flame-holding.  In  addition,  the  interaction  be¬ 
tween  the  fuel  droplets  and  air  flow  is  a  process  that  signifi¬ 
cantly  affects  the  flame-holding  mechanism  of  spray  flames. 


1.  INTRODUCTION 

The  performance  of  spray  combustion  in  an  oil  burner  is 
associated  with  fuel  atomization,  fuel  droplet  dispersion, 
evaporation,  mixing  of  fuel  vapor  with  air,  and  group  com¬ 
bustion  [William  (1985),  L^ebvre(1989)].  Recently,  quanti¬ 
tative  measurement  of  the  droplet  size  distribution,  disper¬ 
sion,  and  velocity  has  been  made  by  laser  techniques  such  as 
the  top-hat  system,  phase  Doppler  anemometer  (PDA) 
[Saffinan,  et  al.  (1984),  Bauckhage  (1985),  Rudoff,  et  al. 
(1987),  and  so  on.]  The  PDA  techniques  have  been  applied 
to  gas  turbine  combustors  [McDonell,  et  al.  (1986), 
McDonell  and  Samuelsen  (1988),  Cameron,  et  al.  (1988)] 
and  swirl  burners  [Edwards  (1988),  Edwards  and  Rudoff 
(1990),  Edwards  and  Marx  (1991)],  but  these  studies  have 
paid  little  attention  to  the  detailed  spray  features  near  the 
nozzles  and  the  gas-droplet  interaction  in  turbulent  flow. 
Little  is  currently  known  about  the  coupling  problems  of 
mass,  momentum,  and  energy  transfer  phenomena  between 


fuel  liquid  phase  and  its  surrounding  flow  field  with  chemi¬ 
cal  reaction,  which  are  indispensable  to  modeling  the  aerody¬ 
namic  characteristics  of  spray  combustion. 

Moreover,  the  regulation  of  NOx  emission  from  oil  burn¬ 
ers  has  been  established,  for  example,  70  ppm  for  small  in¬ 
dustrial  oil  furnaces  and  boilers  in  Tokyo  1 991 ,  so  that  the  oil 
burner  characteristics  should  be  understood  to  achieve  low 
NOx  combustion. 

An  analysis  of  a  two-dimensional  gas-droplet  flow  field 
incorporating  the  effect  of  gas-droplet  mass  and  momentum 
coupling  has  been  made  by  Crowe  et  al.  [Crowe,  et  al. 
(1977)].  The  model  treated  the  droplets  as  the  source  of 
mass,momentum,  and  energy  of  the  gaseous  phase  and  hence 
is  known  as  the  particle-source-in-cell  (PSI-Cell)  model. 
But  experimental  data  are  currently  insufficient  to  be  used  as 
inlet  conditions  or  proved  data  for  modeling. 

The  authors  have  carried  out  this  stusy  in  order  to  under¬ 
stand  the  spray  combustion  characteristics  and  droplet  dy¬ 
namics  in  a  spray  flame.  Firstly,  the  authors  carried  out  both 
experimens  and  simulations  in  order  to  characterize  the  aero¬ 
dynamic  features  of  spray,  and  repoted  on  fuel  droplet  dis¬ 
persion  and  turbulent  mixing  [Kawahara,  etal.  (1995)].  Sec¬ 
ondly,  the  flow  velocity  measurements  and  flux  measure¬ 
ments  of  the  gas  species  (O2,  CO2  and  NO)  in  an  oil  furnace 
were  carried  out.  Consequently,  the  generated  gas  species  in 
the  flame  and  their  convection  outside  the  flame  were 
discretized,  and  the  application  of  flux  in  spray  combustion 
research  was  found  to  be  very  useful  and  effective  [Ikeda,  et 
al.  (1995)].  Moreover,  the  time-scale  of  turbulence  as  well 
as  CO  and  CO2  gas  variation  were  compared  in  order  to  in¬ 
vestigate  the  flame-holding  mechanism  in  a  transparent 
evaporating  region.  The  comparison  results  show  that  the 
time-scale  of  mrbulence  and  chemical  species  fluctuation 
were  of  the  same  order. 

The  purpose  of  this  study  is  to  investigate  the  relation  be¬ 
tween  droplet  dynamics  and  spray  combustion  characteris¬ 
tics  near  a  burner  where  the  flame  is  held  by  recirculating 
flow.  Firstly,  three-dimensional  measurements  of  velocity 
and  gas  concentration  measurements  of  O2,  CO2  and  NO  near 
the  burner  was  carried  out  to  understand  the  flame-holding 
mechanism  and  fluctuation  characteristics.  Secondly,  mea¬ 
surements  of  droplet  velocity,  mass  fraction  and  dispersion 
were  made  by  the  PDA  to  study  the  effect  of  the  presence  of 
spray  in  a  turbulent  reacting  flame.  Moreover,  the  study  fo¬ 
cuses  on  turbulent  structure,  and  follow  /  penetration  criteria 
using  size-classified  droplet  data  [Presser,  et  al.  (1995), 
Seay,  et  al.  (1995)],  the  relative  Reynolds  number,  and  re¬ 
combined  two-dimensional  size-classified  droplet  velocity 
vector. 
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2.  EXPERIMENTAL  APPARATUS 


2.1  Gun-Type  Burner  and  Furnace 

The  experimental  set-up  and  the  oil  burner  used  are  illus¬ 
trated  in  Fig.  1 .  This  furnace  was  designed  for  the  oil  burner 
to  be  traversed  (space  resolution ;  100  pm)  for  obtaining  de¬ 
tailed  data  near  the  burner,  so  that  the  optical  misaligrmient 
occurring  when  the  optical  unit  was  traversed  might  be  pre¬ 
vented.  The  oil  burner  itself  was  traversed  because  a  PDA 
system  consists  of  transmitting  optics  and  receiving  optics 
which  have  different  off-axis  locations.  This  type  of  oil 
burner  [Ikeda  ( 1995)]  is  commercially  available  for  small  in¬ 
dustrial  furnaces  (<  0.3  MW)  and  boilers,  and  has  a  baffle 
plate  for  flame  holding  and  reducing  soot  formation  by  pro¬ 
viding  several  slits  in  the  plate.  The  burner  used  type  A  fuel 
oil  (Japanese  Industrial  Standard  :  JIS).  The  fuel  oil  was 
pressurized  to  0.7  MPa  in  a  gauged  gear  pump  and  atomized 
by  a  hollow-cone  nozzle  (  Danfos  :  type  H)  of  60  degrees. 
There  were  eight  slits  in  the  baffle  plate  which  reduce  soot 
formation  and  prevents  the  plate  from  melting  by  the  cooling 
effect  of  by-pass  air. 

Figure  2  is  a  direct  picture  of  the  flame  [Ikeda,  et  al. 
( 1995)].  It  can  be  seen  that  there  are  three  main  regions:  one 
is  the  flame-holding  region  near  the  baffle  plate,  the  second 
is  the  transparent  region  in  which  the  fuel  droplets  are  evapo¬ 
rating,  and  the  last  one  is  the  main  combustion  region  with 
much  luminescence  from  soot. 

Figure  3  shows  an  illustration  of  droplet  behavior  in  our 
previous  experiments  [Kawahara,  et  al.  (1995)]  under  iso¬ 
thermal  conditions.  It  was  experimentally  found  that  droplets 
under  30  pm  in  diameter  tended  to  follow  the  reversing  flow 
in  the  flame-holding  region,  while  droplets  over  50  pm  pen¬ 
etrated  the  reversing  flow. 
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Fig.  2  A  photograph  of  the  flame. 
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Fig.  1  Schematic  layout  of  the  furnace  and 
the  gun-type  burner. 


Fig.  3  Schematic  droplet  behavior  in  isothermal  conditions. 
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2.2  The  Laser  Doppler  Velocimeter  Optics 

For  gas  velocity  measurements,  the  laser  Doppler  veloci¬ 
meter  developed  by  the  authors  [Ikeda,  et  al.  (1995),]  and  a 
Burst  Digital  Correlator  ( BDC :  Ono  Sokki )  were  used.  The 
measurements  were  carried  out  in  the  backscattering  mode 
and  a  data  rate  of  over  8  kHz  was  achieved  near  the  burner 
nozzle. 

23  Temperature  and  Gas  Species  Measurement 

For  temperature  measurements,  an  R-type  thermocouple 
(Pt/Pt-13%  Rh)  was  used.  The  wire  diameter  was  0.5  mm 
without  sealing.  A  coating  was  provided  to  avoid  catalytic 
effects.  In  the  temperature  measurements,  no  corrections  for 
radiation,  heat  conduction,  and  droplet  sticking  were  made. 

In  gas  species  measurements,  a  water-cooled  sampling 
probe  was  used.  For  Oz  measurement,  the  magnetic  method 
(Shimazu  POTlOl)  was  used.  For  CO2,  the  NDIR  method 
(Shimazu  CGTIOIA)  was  used  and  for  NO,  the  chemilumi¬ 
nescence  method  (Shimazu  NOA-305A)  was  used.  The 
probe  diameter  was  1.6  mm  at  the  intake  and  10.0  mm  at  the 
main  body.  The  sucking  speed  effect  was  taken  into  account, 
so  that  a  damping  chamber  was  inserted  in  the  gas  flow  line. 

2.4  Fuel  Droplet  Diameter  and  Velocity  Measurement 

For  fuel  droplet  diameter  and  velocity  measurements, 
phase  Doppler  anemometer  (PDA ;  57  X 12, 58N10:  Dantec) 
was  used.  An  optical-fiber  linked-phase  Doppler  anemom¬ 
eter  was  design^  and  mounted  on  the  horizontal  bench  as 
shown  in  Fig.  1.  The  performance  of  the  PDA  is  given  in 
Table  1.  The  dimensions  of  the  measurement  volume  were 
0.422  X  4.02  mm.  The  measurable  droplet  diameter  was 
less  than  321.1  pm.  The  laser  power  at  the  measurement 
volume  was  200  mW.  The  focal  length  of  the  transmitting 
optics  was  600  mm,  while  600  mm  for  the  receiving  optics. 

In  application  of  the  phase  Doppler  measurement  tech¬ 
nique  to  practical  combusting  spray  measurements,  uncer¬ 
tainty  factors  are  considered,  which  should  be  taken  into  ac¬ 
count  in  a  dynamic  state.  The  affecting  factors  of  consider¬ 
ation  are  (1)  the  phase  shift  at  the  receiving  optics  due  to  re¬ 
fractive  index  changes  and  the  wave  front  distortion  at  the 
flame  front,  (2)  the  measurement  error  associated  with  the 
liquid  refractive  index  changes  due  to  temperature  changes, 
(3)  the  refractive  index  changing  around  the  droplet,  (4)  the 


Table  1  Performance  of  FLDV  probe  for  PDA  system. 


Focal  length  (mm) 

Spot  diameter(pm) 

Fringe  spacing(pm) 

Fringe  number 
Maximum  measurable 
diameter(pm) 
Maximum  measurable 
velocity(m/s) 
Minimum  measurable 
Where  velocity(m/s) 

Focal  length  of  receiving  optics 
Wave  length  of  laser  beam 
Bandwidth  of  signal  processor 
Frequency  shift 


600 

442 

8.56 

52 

321.1 

77.0 


-25.7 


600  mm 
514.5  nm 
12  MHz 
40  MHz 


rapid  droplet  diameter  changes  due  to  small  droplet  evapora¬ 
tion,  and  so  on.  The  authors  were  estimated  these  errors 
[Ikeda,  et  al.  (1996)],  which  are  caused  by  application  of  this 
phase  Doppler  measurement  system  to  practical  combusting 
spray  measurements. 

2.5  Experimental  Conditions 

The  fuel  rate  in  the  experiment  was  9.45  X  lO"^  m’/h. 
The  fuel  temperature  was  maintained  at  25‘C  by  an  oil 
heater.  An  excess  air  ratio  of  1.2  was  used.  The  various  gas 
concentrations  at  the  furnace  exit  were  [02]=4.7  vol%, 
[C02]=10.8  vo1%,  [N0]=58.4  ppm  (at  [O2]=0  vol%),  and 
[CO]=0  ppm,  and  the  NOx  index  was  2.97  g/kg  of  fuel. 

Ten  thousand  data  were  taken  at  each  measurement  point. 
Acceptable  measurement  criteria  were  more  than  80  %  in 
accept  rate,  1  kHz  in  data  rate,  and  90  %  in  spherical  rate. 


3.  RESULTS 


3.1  Spray  Combustion  Characteristics  near  the  Burner 


In  a  direct  picture  of  the  flame  shown  in  Fig.  2,  it  can  be 
seen  that  the  recirculation  flow  region  is  formed  and  holds 
the  flame.  From  x/D=0.02  to  0.04,  where  D  is  the  diameter 
of  the  burner's  throat  and  R  is  the  radius  of  the  burner's  throat, 
the  flame  became  narrow.  In  this  region,  the  fuel  spray  trav¬ 
els,  aggregates,  collides,  separates  and  evaporates.  In  the 
previous  paper  [Ikeda ,  etal.  (1995)] ,  the  three  components 
of  velocity  near  the  burner  were  measured  by  the  developed 
LDV  with  a  BDC  processor  (Ono  Sokki).  Figure  4  shows 
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Fig.  4  Contours  of  O2,  CO2  and  NO  concentration, 
together  with  gas  flow  field  and  temperature. 


the  contours  of  O2,  CO2  and  NO  concentrations,  together 
with  the  gas  flow  field  and  the  temperature  in  order  to  under¬ 
stand  the  spray  combustion  characteristics. 

Firstly,  the  temperature  distribution  showed  a  lower  value 
(about  500  K)  along  the  spray  cone,  which  had  a  60°  hollow 
cone  angle,  but  it  indicated  a  higher  value  (about  1200  K) 
both  outside  and  near  the  center  axis.  Behind  the  baffle  plate, 
a  high  temperature  region  (about  800  K)  was  formed.  The 
main  reason  was  that  the  flame-holding  region  was  formed  in 
the  recirculation  region  behind  the  baffle  plate.  But  it  was 
necessary  to  understand  that  the  temperature  was  estimated 
lower  than  actual  in  the  spray  cone,  because  fuel  adhesion 
occurred. 

Secondly,  when  the  authors  took  note  of  flow  field,  it  was 
found  that  there  were  a  pair  of  reverse  flows.  High  velocity 
at  r/R=1.0  in  the  axial  direction  was  due  to  the  flow  passage 
between  the  baffle  plate  and  the  burner's  throat.  The  maxi¬ 
mum  temperature  was  observed  at  the  point  where  a  pair  of 
reverse  regions  collided  with  each  other.  But  it  was  found 
that  the  inner  and  outer  reverse  flows  rotated  in  opposite  di¬ 
rections  at  swirl  velocity.  This  phenomenon  was  due  to  the 
eight  slits  in  the  baffle  plate.  At  downstream  positions,  nei¬ 
ther  the  inner  reverse  flow  nor  the  outer  reverse  flow  was 
observed,  but  it  was  found  that  there  were  two  vortices  (w<0) 
in  the  swirl  direction.  This  flow  remained  up  to  x/D=0.5,  and 
had  a  relation  to  the  flame-holding  and  entrainment  flow. 

In  the  distributions  of  O2,  CO2,  and  NO  concentrations,  an 
active  combustion  region  was  formed  at  x/D=0.3,  r/R=0.4, 
and  inside  the  spray  cone,  where  O2  concentration  was  low, 
and  CO2  and  NO  concentrations  were  high.  It  was  found  that 
an  active  combustion  process  occurred  at  the  point  where 
two  reverse  flow  regions  collided  with  each  other  (x/D=0.3, 
r/R=0.4). 


It  was  not  possible  to  directly  compare  the  velocity  vector 
shown  in  Fig.  4  with  the  gas  velocity  because  the  fuel  droplet 
was  also  traveling  within  the  inner  reverse  region.  In  this 
study,  the  authors  took  note  of  the  relation  between  droplet 
dynamics  and  spray  combustion  characteristics  near  the 
burner,  where  an  active  combustion  region  and  the  flame¬ 
holding  region  were  formed.  The  fuel  droplet  diameter  and 
its  velocity  were  measured,  using  the  PDA  technique. 

3.2  Droplet  Size  and  Velocity 

First  of  all,  in  order  to  observe  the  droplet  dispersion,  the 
correlation  between  droplet  diameter  and  velocity  was  calcu¬ 
lated  as  shown  in  Fig.  5.  Near  the  center  axis,  there  were 
many  small  droplets  less  than  30  pm  in  diameter.  On  the 
other  hand,  at  the  spray  cone  (x/D=0.23,  r/R=0.41;  x/ 
D=0.34,  r/R=0.82),  droplets  were  distributed  over  100  pm. 
This  figure  indicates  that  larger  droplets  over  70  pm  traveled 
along  the  spray  cone,  but  there  were  relatively  smaller  drop¬ 
lets  near  the  center  axis.  Near  the  center  axis,  it  was  found 
that  the  droplets  had  the  same  velocity.  On  the  other  hand,  at 
the  spray  cone  (xyD=0.34,  r/R=0.82),  small  droplets  had  low 
velocity,  but  large  droplets  had  high  velocity  distribution. 
Consequently,  small  droplets  were  affected  by  the  recircula¬ 
tion  region  and  decreased  their  velocity.  But  large  droplets 
penetrated  straight  into  the  recirculation  region. 

The  spatial  distribution  of  the  Sauter  mean  diameters 
(SMD)  and  their  velocity  vectors  are  presented  in  Fig.  6. 
The  vectors  indicated  that  fuel  droplets  were  traveling  at  a 
hollow-cone  angle  of  60  degrees.  The  mean  droplet  velocity 
was  about  25  m/s,  and  the  droplets  traveled  at  almost  the 
same  velocity.  The  SMD  contour  indicated  the  spreading  of 
the  spray  with  increasing  axial  distance  downstream  of  the 
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Fig.  5  Correlation  of  droplet  diameter  and  velocity. 
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nozzle  exit.  Smaller  values  of  the  SMD  were  found  near  the 
center  axis.  The  maximum  value  of  the  SMD  increased  with 
increasing  axial  distance  along  the  hollow-cone  angle.  The 
reason  was  that  small  droplets  followed  the  reverse  air  flow 
and  played  the  role  of  flame-holding.  On  the  other  hand, 
large  droplets  survived  as  they  flew  downstream  regardless 
of  the  hi^  temperature  region. 

However,  it  was  difficult  to  understand  the  dispersion  of 
droplets  and  the  interaction  between  the  turbulent  air  and 
spray  by  the  SMD  analysis.  It  was  clearly  found  that  the  dif¬ 
ference  in  droplet  size  had  another  velocity  distribution. 

In  the  present  study,  the  behavior  of  droplets  was  thus 
classified  by  droplet  diameter.  The  mean  value  and  disper¬ 
sion  of  the  classified  droplets  were  treated  as  representative 
values. 

The  size-classified  droplet  velocities  at  x/D=0.13,  0.22, 
0.34,  and  0.43  are  shown  in  Fig.  7.  Each  plane  in  the  figure 
indicated  the  inside  of  the  recirculation  flow,  the  transparent 
region  and  their  midpoint  as  shown  in  the  direct  picture  of  the 
flame  (Fig.  2). 

At  x/D=0.13,  the  all  droplets  traveled  at  the  same  velocity 
in  comparison  with  gas  velocity.  The  difference  of  velocity 
could  not  be  observed  by  the  effect  of  the  droplet  diameter. 
With  increasing  axial  position,  larger  droplets  showed  higher 
velocity,  and  thus  larger  mass  and  inertia.  At  x/D=0.34,  the 
droplets  less  than  30  }J,m  in  diameter  showed  a  sudden  de¬ 
crease  in  velocity  behind  the  baffle  plate.  Smaller  droplets 
under  30  (im  were  affected  to  decelerate  by  the  recirculation 
flow.  On  the  other  hand,  larger  droplets  over  50  |im  pen¬ 
etrated  the  recirculation  flow  along  the  spray  cone  with  large 
initial  velocity.  In  radial  velocity ,  same  tendency  were  ob¬ 
served.  At  x/D=0.13,  the  droplets  indicated  same  velocity 
profile  and  formed  hollow  cone  distribution.  However,  at  x/ 
D=0.34,  smaller  droplets  under  30  |im  decelerated  and  indi- 
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Fig.  6  Spatial  distribution  of  the  SMD  and 
velocity  vector  for  all  size  classes. 


cated  reverse  velocity  to  the  center  axis.  The  reason  was  that 
gas  flow  through  outside  of  the  baffle  plate  entrained  smaller 
droplets.  On  the  other  hand,  larger  droplets  had  large  veloc¬ 
ity  ,  so  that  larger  droplets  had  a  large  mass  and  inertia.  Con¬ 
sequently,  small  droplets  were  greatly  affected  by  the  recir¬ 
culation  vortex  and  evaporated,  contributing  to  flame-hold¬ 
ing.  On  the  other  hand,  larger  droplets  penetrated  straight 
along  the  spray  cone  and  formed  an  active  combustion  re¬ 
gion. 

3.3  Aerodynamic  Features  of  Spray 

In  order  to  further  understand  the  gas-droplet  interaction, 
the  particle  Reynolds  number  was  calculated  from  the  drop¬ 
let  size  and  the  relative  velocity  of  the  droplet  to  the  air  flow 
as  shown  in  Fig.  8.  The  particle  Reynolds  number  is  defined 
by  Equ.  (1). 

=  (1, 

O  Dp<5  •30<Dp<50 
A  5<Dp<10  A50<Dp<70 
□  1 0<Dp<30  ■  70<Dp(|im) 
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Fig.  7  Droplet  velocity  distribution  for 
different  droplet  sizes. 


where  r  is  the  density,  Dp  is  the  fuel  droplet  diameter,  is 
the  gas  velocity,  and  ud  is  droplet  velocity. 

The  particle  Reynolds  number  for  smdl  droplets  showed 
a  low  and  flat  distribution.  Since  these  droplets  followed  the 
air  flow  well,  their  relative  velocities  (slip  velocities)  were 
very  small.  On  the  other  hand,  large  droplets  had  a  peak  in 
the  radial  distribution.  A  large  Reynolds  number  means  a 
large  relative  velocity  or  a  large  droplet  size.  Large  droplets 
were  affected  by  the  turbulent  air  flow  and  penetrated  the  re¬ 
circulation  flow.  However,  we  must  keep  in  mind  that  the 
gas  flow  velocity  cannot  be  completely  measured,  because 
small  droplets  less  than  5  |im  evaporate  quickly 

The  lifetime  of  a  droplet  in  high  temperature  region  is  de¬ 
fined  as  follows: 

^  =  const.  =  Co  (2) 

T 


K,  Co  was  0.67  (mmVs).  Therefore,  droplets  less  than  5  pm 
existed  for  37.3  ms  in  this  condition.  In  this  experiment,  the 
diameter  of  the  control  volume  was  442  pm.  If  the  velocity  of 
droplets  less  than  5  pm  was  lOm/s,  the  transit  time  through 
the  control  volume  was  44.2  ms.  Droplets  less  than  5  pm 
were  completely  gasified  while  passing  through  the  control 
volume  and  were  less  detectable.  Hence,  the  PDA  cannot 
measure  the  gas  flow  velocity  by  assuming  that  the  droplet 
less  than  5  pm  in  diameter  can  completely  follow  the  air 
flow. 

But  the  particle  Reynolds  number  indicates  a  difference  in 
spray  behavior,  droplet  size  of  30-50  pm  being  the  boundary. 
In  order  to  understand  the  gas-droplet  interaction,  the  particle 
Reynolds  number  is  useful  and  effective. 

3.4  Turbulence  and  Dispersion  of  Droplet  Velocity 


where  Do  is  the  initial  droplet  diameter,  -c  is  the  lifetime  of 
droplet  in  high  temperature  region,  and  Co  is  the  combustion 
rate  constant.  Where  the  temperature  of  the  region  was  1 000 
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Fig.  8  Droplet  relative  Reynolds  number  distribution. 


The  turbulent  kinetic  energy  which  is  defined  by  Equ.  (3) 
is  shown  in  Fig.  9. 

a  =  (3, 

2 

This  value  means  the  turbulent  kinetic  energy  for  the  air 
flow  and  the  velocity  fluctuation  for  the  droplets.  At  x/ 
D=0.13,  larger  droplets  fluctuated  inside  the  spray  cone  and 
smaller  droplets  fluctuated  greatly  outside  the  spray  cone. 
Large  droplets  had  a  large  slip  inside  the  spray  cone,  and 
small  droplets  had  a  large  slip  outside  the  spray  cone.  In  this 


O  Dp<5  •30<Dp<50 
A  5<Dp<10  A50<Dp<70 
□  10<Dp<30  ■70<Dp(pm) 


t) 


x/D=0.22 


x/D=0.13 


0  0.4  0.8 


r/R 


Fig.  9  Dispersion  of  droplet  velocity. 


region,  there  were  a  pair  of  vortices  in  the  swirl  direction.  At 
x/D=0.34,  large  droplets  had  no  slip  near  the  center  axis,  but 
small  droplets  fluctuated  along  the  spray  cone.  Hence,  in  the 
region  where  the  gas  flow  outside  the  baffle  plate  collided 
with  the  spray  cone,  small  droplets  greatly  fluctuated  and 
were  suddenly  decelerated.  On  the  other  hand,  large  drop¬ 
lets  had  a  large  inertia  and  penetrated  straight  at  the  high- 
shear  layer  which  is  formed  by  the  spray  cone  and  the  gas 
flow. 

3.5  Droplet  Behavior 

In  the  previous  section,  it  was  pointed  out  that  small  drop¬ 
lets  could  trace  the  turbulent  air  flow  but  that  large  droplets 
penetrated  the  recirculation  flow.  Figure  10  shows  two-di¬ 
mensional  velocity  vectors,  velocity  fluctuation,  and  number 
density  profiles.  Velocity  fluctuation  means  the  turbulent 
kinetic  energy  of  the  air  flow  and  the  velocity  fluctuation  of 
droplets.  Number  density  was  calculated  from  the  sample 
number  and  the  elapsed  time  during  measurement.  How¬ 
ever,  it  was  necessary  to  take  the  decrease  in  number  density 
into  account,  which  was  caused  by  droplet  evaporation  and 
detection  error  of  scattering  light. 

Larger  droplets  over  70  pm  penetrated  in  radial  trajecto¬ 
ries.  On  the  other  hand,  small  droplets  under  50  pm  fol¬ 
lowed  the  air  flow  inside  the  baffle  plate  and  were  found  near 
the  center  axis.  In  addition,  it  was  found  that  the  velocity 
fluctuation  of  droplets  under  30  pm  was  large  but  that  of 
those  over  50  pm  was  small.  The  reason  is  that  small  drop¬ 
lets  were  greatly  affected  by  the  air  flow  outside  the  baffle 
plate,  but  large  droplets  penetrated  the  air  flow.  The  spray 


with  droplets  larger  than  70  pm  in  diameter  formed  a  hollow- 
cone  distribution,  which  induced  a  shear  flow  along  the 
spray.  Consequently,  it  was  found  that  the  follow/penetra¬ 
tion  criterion  was  30-50  pm  for  droplet  behavior  in  the  turbu¬ 
lent  flow  region.  Near  the  center  axis,  there  existed  mainly 
droplets  between  10  and  30  pm,  while  30-50  pm  droplets 
were  detected  behind  the  baffle  plate.  The  reason  that  small 
droplets  remained  near  the  center  axis  was  that  the  air  flow 
outside  the  baffle-plate  pushed  them  towards  the  center  axis. 
On  the  other  hand,  large  droplets  had  a  large  mass  and  iner¬ 
tia,  and  penetrate  straightly  along  the  spray  cone. 

3.6  Spray  Combustion  Model 

An  illustration  of  the  flow  field  with  droplets  and  combus¬ 
tion  characteristics  near  the  burner  is  shown  in  Fig.  11.  The 
peaks  of  the  number  density  for  two  droplet  sizes,  shown  in 
Fig.  10,  are  indicated  by  black  arrows  in  Fig.  11.  This  illus¬ 
tration  summarizes  the  above  discussion  of  the  interaction  of 
droplet  behavior  and  combustion  characteristics.  Small 
droplets  flow  near  the  axis  but  large  droplets  flow  outward 
owing  to  large  inertia.  Large  droplets  over  50  pm  in  diam¬ 
eter  penetrated  through  the  recirculation  flow  region  and 
formed  a  large  luminous  flame.  On  the  other  hand,  small 
droplets  near  the  axis  formed  an  active  combustion  region, 
and  small  droplets  inside  the  recirculation  flow  played  the 
role  of  flame  holding.  The  separation  region  coincided  with 
the  high  shear  stress  region.  Consequently,  the  recirculation 
flow  enhanced  the  droplet  dispersion  and  contributed  to  a 
steady  main  flame. 
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Fig.  10  Two-dimensional  velocity  vector  and  velocity  fluctuation  with  number  density. 
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Fig.  1 1  Illustration  of  flow  field  with  droplets  and 
combustion  characteristics  near  the  burner. 

4.  CONCLUSIONS 

The  measurement  of  the  aerodynamic  characteristics  of 
fuel  droplets  made  in  a  small  industrial  oil  burner  was  carried 
out  by  a  phase  Doppler  anemometer.  The  flow  field  and  the 
droplet  behavior  as  well  as  the  interaction  of  momentum 
transfer  were  investigated. 

The  obtained  knowledge  on  the  aerodynamics  of  the 
spray  is  summarized  as  follows: 

(1)  The  recirculation  flow  enhanced  the  droplet  dispersion. 

(2)  Size-classified  techniques  were  effective  to  understand 
the  gas-droplet  interaction 

(3)  Small  droplets  under  30  pm  in  diameter  were  taken  into 
the  recirculation  flow  region  and  played  an  important  role  of 
flame  holding.  On  the  other  hand,  large  droplets  over  50  jxm 
in  diameter  penetrated  the  recirculation  flow  region  and 
formed  a  large  luminous  flame. 

(4)  Droplets  less  than  5  pm  were  completely  gasified  in  the 
control  volume.  Therefore,  the  PDA  caimot  be  used  to  obtain 
the  gas  flow  velocity  by  assuming  that  droplets  less  than  5 
pm  in  diameter  can  completely  follow  the  air  flow. 
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ABSTRACT 

The  development  of  data  processing  techniques  and 
algorithms  for  Doppler  Global  Velocimetry  is  presented.  The 
discussion  begins  with  the  fundamental  calculation  of  the  velocity 
dependent  transfer  function  of  Iodine  vapor,  and  proceeds  through 
laboratory  and  wind  tunnel  investigations  to  develop  insight  into 
the  physics  of  the  technique.  The  knowledge  gained  through  this 
process  provided  the  basis  for  the  development  of  algorithms  to 
correct  for  optical  distortions,  electronic  noise,  and  camera 
misalignment. 

1.  INTRODUCTION 

For  the  past  six  years,  Doppler  Global  Velocimetry  (DGV) 
has  been  under  development  at  the  NASA  Langley  Research 
Center.  This  technology  can  provide  three-component  velocity 
measurements  of  a  flow  as  it  passes  through  a  selected 
measurement  plane  defined  by  a  laser  light  sheet.  Its  ability  to 
measure  velocity  within  broad  areas  of  the  flow  field,  while 
maintaining  cubic  millimeter  spatial  resolutions  in  large  wind 
tunnels,  is  of  great  interest  to  NASA.  The  increased  productivity 
provided  by  DGV  helps  reduce  the  cost  of  aerodynamic  testing. 
It  is  also  an  ideal  measurement  technology  for  validation  of 
Computational  Fluid  Dynamics  since  it  is  capable  of  providing 
measurement  grids  equivalent  to  the  computational  grids. 
Further,  the  use  of  video  technology  provides  real-time 
quick-look  capability  to  view  the  velocity  field  as  run  conditions 
are  changed,  allowing  adjustment  of  test  parameters  to  optimize 
flow  field  conditions. 

Although  the  basic  principles  were  very  simple, 
implementation  of  DGV  technology  as  a  flow  diagnostics  tool  for 
routine  wind  tunnel  application  has  proven  somewhat  difficult. 
Early  investigations  confirmed  that  an  optical  absorption  line  in 
Iodine  vapor  could  be  used  to  obtain  images  with  velocity 
dependent  amplitudes.  However,  it  was  also  apparent  that  the 
images  did  not  have  sufficient  quality  to  provide  quantitative  data 
with  acceptable  accuracy.  The  effort  to  enhance  this  technology 
and  develop  a  usable  system  with  acceptable  measurement 
accuracy  has  included  wind  tunnel  investigations  along  with 
laboratory  studies.  The  five  year  program  has  included  velocities 
ranging  from  low  subsonic  to  Mach  4.6,  in  various  wind  tunnels 


from  the  1-x  1 -meter  Basic  Aerodynamic  Research  Tunnel  at 
Langley  to  the  40-x  80-footNational  Subsonic  Tunnel  atNASA 
Ames.  Although  the  basic  optical  hardware  configuration  has 
changed  little,  the  data  processing  algorithms  have  undergone 
considerable  development.  The  following  is  a  description  of 
that  evolution  along  with  example  results  from  the  various  test 
programs. 

2.  THE  BEGINNING 

Komine,  reference  1,  devised  Doppler  Global 
Velocimetry  when  he  used  the  light  absorption  characteristics 
of  Iodine  vapor  to  determine  the  absolute  frequency  of  Doppler 
shifted  laser  light  scattered  by  small  particles  passing  through 
an  Argon  ion  laser  beam.  This  concept  was  a  spin-off  of  his 
work  with  laser  spectroscopy  where  an  Iodine  vapor  cell  was 
used  in  a  feedback  loop  to  stabilize  the  optical  frequency  of  an 
Argon  ion  laser  operating  at  5 1 4.5  nm.  The  cell  was  used  as  the 
sensor  in  the  feedback  loop  since  the  Iodine  vapor  transfer 
function  provided  optical  frequency  discrimination.  The 
transfer  function  was  found  by  passing  a  small  portion  of  the 
laser  beam  through  the  cell,  and  determining  the  ratio  of  laser 
powers  before  and  after  the  cell.  By  monitoring  the  power  ratio 
while  frequency  tuning  the  laser,  the  characteristics  of  the 
absorption  line  were  determined,  figure  1 .  The  laser  frequency 
was  then  tuned  to  a  point  midway  along  the  side  of  the 
absorption  line,  figure  1 ,  and  the  laser  power  ratio  electronicaUy 
monitored.  If  the  laser  frequency,  and  thus  the  power  ratio, 
changed,  the  feedback  electronics  adjusted  the  laser  etalon 
temperature,  and  thus  its  length,  to  return  the  laser  frequency  to 
the  set  value.  This  principle,  in  an  open  loop  version,  was 
fundamental  to  the  concept  behind  Doppler  Global 
Velocimetry.  With  the  laser  frequency  tuned  to  the  midpoiiit  of 
the  absorption  line  as  above,  Doppler  shifted  scattered  light 
would  pass  through  the  Iodine  vapor  with  greater  (or  less, 
depending  on  the  direction  of  the  Doppler  shift)  absorption,  thus 
establishing  a  fundamental  relationship  between  the  scattered 
light  power  ratio  and  velocity. 

The  implementation  of  this  new  technology  uncovered 
characteristics  that  would  make  Doppler  Global  V elocimetry  a 
uniquely  capable  flow  diagnostic  measurement  system.  Unlike 
other  laser  velocimetry  systems,  this  technology  did  not  require 
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the  optical  resolution  of  individual  seeding  particles,  since  the 
velocity  measurement  was  based  on  the  fraction  of  collected 
scattered  light  absorbed  by  the  Iodine  vapor.  Thus,  the  source  of 
the  scattered  light  was  immaterial.  Further,  the  direct  measure  of 
optical  frequency  eliminated  the  problems  of  signal  interference 
from  multiple  scatterers  inherent  in  standard  laser  velocimetry. 
These  characteristics  allowed  the  laser  beam  to  be  expanded  into 
a  light  sheet,  and  the  laser  power  detectors  replaced  with  Charge 
Coupled  Device  (CCD)  video  cameras,  figure  2.  In  this 
configuration,  each  pixel  element  of  the  CCD  became,  in  effect, 
a  single  detector  collecting  scattered  light  originating  from  the 
small  volume  within  the  light  sheet  imaged  on  that  pixel.  The 
ratio  of  the  video  output  signals  from  the  two  cameras  yielded 
images  whose  amplitude  information  wris  directly  related  to 
velocity. 

These  concepts  were  first  demonstrated  in  the  laboratory 
by  Komine,  et  al  at  the  Northrop  Research  and  Technology 
Center,  reference  2.  Further  development  at  the  NASA  Langley 
Research  Center  resulted  in  the  first  wind  tunnel  measurements, 
references  3  and  4.  Additional  studies  at  Northrop,  under  contract 
to  NASA,  found  that  a  pulsed,  injection  seeded,  frequency 
doubled  Nd:YAG  laser  could  be  used  as  the  laser  source  to  obtain 
instantaneous  velocity  flow  field  mappings,  reference  5. 

3.  ON  TO  THE  DATA  IMAGES 

Since  the  optical  frequency  dependent  transfer  function 
imposed  by  the  Iodine  vapor  was  obtained  by  dividing  the  output 
(signal  camera)  image  by  the  input  (reference  camera)  image, 
figure  3,  data  processing  was  expected  to  be  straight  forward. 
Both  the  Nortlnop,  references  2  and  5,  and  NASA,  reference  3, 
efforts  used  analog  dividers  to  normalize  the  RS-170  signal 
camera  output  with  the  reference  camera  signal  as  the  images  were 
transmitted  from  their  respective  cameras.  Although  the 
normalized  images  of  a  small  supersonic  jet,  reference  2,  and  the 
vortical  flow  above  a  delta  wing,  reference  3  and  figure  4,  showed 
the  expected  velocity  dependencies,  the  images  were  very  noisy 
and  the  velocity  structures  were  not  well  defined. 

3. 1  Phase  I  -  Image  Alignment 

A  laboratory  investigation  was  conducted  at  NASA  to 
determine  the  reason  for  the  noise  and  poorly  defined  images.  A 
test  target,  figure  5,  was  viewed  by  the  receiver  optical  system  and 
the  cameras  carefully  aligned  to  overlap  the  pixels.  If  the 
alignment  was  perfect  the  normalized  image  would  be  a  flat  gray 
since  the  transfer  function  remained  constant  throughout  the 
image.  Unfortunately,  the  edges  of  the  dots  on  the  test  target  were 
clearly  visible  with  overall  patterns  indicative  of  optical 
differences  between  the  signal  and  reference  optical  paths, 
figure  6.  Adjusting  camera  position,  pan,  tilt,  and  magnification 
improved  the  normalized  image,  but  perfect  alignment  was  never 
achieved.  The  inability  to  obtain  the  proper  alignment  was  traced 
to  minor  imperfections  in  the  receiver  optical  elements.  One 
potential  solution  was  to  replace  the  optics  with  components  built 
to  tighter  specifications.  However,  a  more  cost  effective  solution 
was  to  remove  the  distortions  using  image  processing  techniques. 
After  using  the  analog  circuitry  to  obtain  the  best  physical 
alignment,  the  electronics  were  disconnected  and  the  signal  and 
reference  images  acquired  by  computer  in  sequence  by  a  video 
frame  grabber.  Since  the  target  was  composed  of  a  grid  of  evenly 
spaced  dots,  dewarping  algorithms  in  a  commercial  software 


package  were  used  to  remove  the  distortions.  While  the 
resulting  dewarped  images  appeared  to  be  square,  the 
normalized  image  still  showed  the  dot  edges,  indicating  that  the 
distortions  were  not  totally  removed.  Further  investigation 
found  that  the  commercial  packages  could  remove  linear 
variations  such  as  perspective,  but  were  incapable  of  removing 
the  effects  of  minor  nonlinear  distortions  originating  from 
optical  imperfections  in  the  receiver  optics.  These  packages 
used  a  single  first,  second  or  third  order  equation  to  describe  the 
entire  horizontal  and  vertical  directions  respectively.  While  this 
process  might  be  acceptable  for  visual  applications,  it  was 
inadequate  for  image  normalization. 

Since  the  laboratory  investigation  identified  minor 
optical  imperfections  as  a  cause  of  measurement  error,  and  the 
commercial  image  processing  software  provided  insight  into  a 
potential  solution,  a  development  program  to  obtain  the  needed 
image  processing  algorithms  was  undertaken.  The  resulting 
method  was  to  use  piecewise,  bilinear  warping  procedures  to 
subdivide  the  target  image  into  sections  sufficiently  small  to 
correct  for  the  minor  optical  distortions,  reference  4.  In 
practice,  a  grid  of  20  by  20  sections,  defined  by  the  dot  centroids 
in  the  test  target,  appeared  to  yield  sufficient  correction. 
Dewarping  figure  5  with  this  method  yielded  figure  7.  An 
improvement  in  image  alignment  was  found  when  the  dewarped 
images  were  normalized,  figure  8. 

3.2  Phase  II  -  Noise  Reduction 

The  vortical  flow  field  above  the  delta  wing  was  again 
measured,  and  the  acquired  images  dewarped  before 
normalization,  reference  4.  Additionally,  the  Gaussian 
intensity  profile  of  the  light  sheet  was  flattened  to  lessen 
occurrences  of  pixel  saturation  in  the  center  of  the  light  sheet 
and  insufficient  scattered  light  at  the  edges.  The  flat  intensity 
profile  was  obtained  by  replacing  the  cylindrical  lens  with  a 
high-speed  galvanometer  scanner.  Scattering  angle  and 
polarization  dependent  Mie  scattering  intensity  variations  were 
also  reduced  by  placing  a  quarter-wave  plate  in  the  laser  output 
optical  path  to  circularize  the  laser  light  polarization, 
reference  7. 

Although  aerodynamic  symmetry  was  not  present,  as 
shown  by  laser  light  sheet  flow  visualization  in  figure  9,  the 
normal  and  burst  vortical  flow  field  above  the  delta  wing  was 
clearly  detected,  figure  10.  In  spite  of  the  vast  improvement  in 
the  data  image,  it  was  still  noisy  and  contained  unrealistic  values 
at  the  edges  of  the  smoke  plume.  An  analysis  of  CCD  video 
camera  operation  revealed  several  characteristics  that  could  be 
responsible  for  these  anomalies.  These  characteristics  included 
dark  current,  variations  in  pixel  sensitivity,  charge  transfer 
noise,  modulation  transfer  function,  and  field  interlacing.  The 
characteristics,  the  effects  on  the  data  image,  and  the  correcting 
procedures  are  described  below: 

Dark  current  -  CCD  video  cameras,  in  the  manner  of 
•  other  photo-electronic  detector  systems,  occasionally  produce 
spurious  photoelectrons  without  the  stimulation  of  triggering 
photons.  The  collected  charge  represents  an  offset  in  the  pixel 
amplitude  that  must  be  removed  before  normalization 
calculations  are  performed  to  determine  the  correct  Iodine  vapor 
transfer  function. 

Variations  in  pixel  sensitivity  -  Minor  imperfections  in 
the  photo-electronic  sensor  result  in  variations  of  pixel-to-pixel 
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quantum  efficiency.  The  effect  is  random  noise  superimposed  on 
the  acquired  image.  Since  the  quantum  efficiency  is  constant,  the 
pixel-to-pixel  variations  can  be  removed  through  calibration  of 
pixel  sensitivity.  The  calibration  is  typically  obtained  by 
illuminating  the  CCD  sensor  with  flat  field  light  at  two  intensities, 
and  determining  the  sensitivity  slope  or  quantum  efficiency  for 
each  pixel.  Flattening  the  CCD  sensitivity  response  then  consists 
of  simply  multiplying  the  data  images  by  the  average  quantum 
efficiency  divided  by  the  quantum  efficiency  for  each  respective 
pixel. 

Charge  transfer  noise  -  Once  the  photoelectrons  have  been 
acquired  during  field  acquisition,  the  field  image  is  transferred 
from  the  CCD  by  moving  the  charge  packets  from  capacitor  to 
capacitor  until  they  reach  the  output  port.  As  each  charge  packet 
leaves  a  capacitor,  there  is  a  possibility  that  one  or  more  electrons 
may  be  left  behind,  or  electrons  left  by  previous  packets,  added. 
These  random  charge  variations  become  a  white  noise  component 
in  the  output  signal,  and  thus  a  superimposed  random  noise  on  the 
acquired  image.  The  best  method  to  reduce  the  effect  of  charge 
transfer  noise  is  to  low  pass  filter  the  image  by  convolving  the 
image  with  a  5x5  top  hat  kernel.  Since  this  kernel  matches  the 
measured  modulation  transfer  function  of  the  camera  system,  only 
high  frequency  charge  transfer  noise  is  removed,  while  the  data 
information  is  maintained.  With  industry  standard  RS-170  video 
cameras,  the  remaining  noise  is  estimated  to  be  1 -percent  of  full 
scale,  or  a  velocity  uncertainty  of  ±2  m/sec. 

Modulation  Transfer  Function  -  The  Modulation  Transfer 
Function  (MTF)  is  a  measure  of  spatial  frequency  limit  or 
sharpness  factor  of  the  imaging  optics  and  CCD  camera.  For 
example,  a  photograph  taken  with  an  fl6  lens  opening  produces 
a  sharper  image  than  the  same  photograph  taken  with  an  f2  lens 
opening.  The  MTF  of  a  CCD  video  camera  is  related  to  electronic 
charge  leakage  between  adjacent  pixels.  The  combined 
lens/camera  MTF  is  measured  by  imaging  a  spatial  step  change 
in  light  intensity,  and  determining  the  kernel  needed  to  match  the 
measured  response.  A  typical  industry  standard  RS-170  video 
camera  has  an  MTF  that  matches  a  5x5  top  hat  kernel. 

Field  interlacing  -  Industry  standard  RS-170  video 
cameras  are  interlaced  devices  which  acquire  photons  in  the  even 
pixel  rows  while  transferring  the  previously  acquired  image  in  the 
odd  pixel  rows  out  of  the  camera.  During  the  next  acquisition 
cycle,  the  newly  acquired  even  row  image  is  transferred  out  while 
the  odd  rows  acquire  the  next  image.  Standard  video  devices 
reconstruct  the  video  frame  by  combining  the  two  interlaced 
images.  Since  the  interlaced  or  field  images  are  acquired  at 
different  times,  motion  within  the  viewed  scene  adds  distortion  to 
the  combined  image.  This  effect  can  be  seen  as  a  series  of 
horizontal  lines  that  indicate  a  change  of  scattered  light  caused  by 
variations  in  the  smoke  cloud  and/or  a  change  in  the  velocity  flow 
field  occurring  between  the  acquisition  of  the  two  video  fields. 
Thus  the  two  fields  are  separated  and  the  missing  rows 
interpolated  to  yield  a  field  image  that  is  then  dewarped  and 
processed. 

Calibrations  and  procedures  were  developed  to  account  for 
the  CCD  video  camera  characteristics  outlined  above.  Dark 
current  images  were  acquired  and  saved  for  use  during  data 
processing.  Each  video  camera  system,  including  video 
amplifiers,  signal  processing  electronics,  and  computer  frame 
grabber,  were  calibrated  for  pixel  sensitivity.  The  MTF  for  each 


camera  was  determined  and  found  to  be  equivalent  to  a  5x5 
kernel.  Finally,  data  processing  algorithms  were  developed  to 
subtract  dark  current  contributions  from  the  data  images,  flatten 
the  effects  of  pixel  sensitivity  variations,  low  pass  filter  the  data 
images,  and  separate  the  video  fields  and  interpolate  the  missing 
rows. 

3.3  Phase  III  -  Optical  Difficulties 

Following  completion  of  the  data  processing  softw^e, 
the  DGV  system  was  installed  in  the  Langley  Unitary  Plan  Wind 
Tunnel  and  used  to  investigate  the  vortical  flow  above  a  delta 
wing  at  Mach  2.8.  This  investigation  presented  the  opportunity 
to  determine  the  measurement  characteristics  from  submicron 
diameter  water  condensation  particles.  The  uniform 
illumination,  shown  in  the  photograph  of  the  laser  light  sheet 
visualization  in  figure  1 1 ,  eliminated  potential  measurement 
uncertainties  related  to  variations  in  smoke  density.  The 
visualization  showed  three  distinct  scattered  light  intensity 
levels:  free  stream,  behind  the  cross  flow  shock,  and  the  vortex. 
The  velocity  image,  figure  1 2,  did  not  yield  the  expected  change 
in  velocity  at  the  intensity  boundaries.  This  anomaly  was  traced 
to  the  inclusion  of  background  light  in  both  the  signal  and 
reference  images.  The  background  light  level  included 
contributions  from  the  camera  dark  current  discussed  above, 
reflected  laser  radiation  from  tunnel  and  model  surfaces,  and 
ambient  lights.  The  influence  of  ambient  light  was  reduced  by 
placing  a  green  photographie  filter  in  front  of  eaeh  camera.  The 
remaining  background  light  was  measured  by  acquiring  images 
under  run  conditions,  but  without  particles  in  the  flow.  These 
background  images  were  then  subtracted  from  the  signal  and 
reference  data  images,  respectively,  prior  to  normalization. 

Closer  examination  of  the  measured  velocity  images 
revealed  unexpected  velocity  patterns,  especially  in  the  constant 
velocity  free  stream  portion  of  the  image.  Since  the 
condensation  scattered  light  in  a  uniform  manner,  the  origins  of 
the  velocity  patterns  were  traced  to  the  receiver  optical  system. 
An  overall  velocity  bias  was  found  to  originate  from  amismatch 
in  optical  transmission  between  the  signal  and  reference  paths. 
The  transmission  differences  were  caused  by  the  eharacteristics 
of  the  beamsplitter,  windows  in  the  Iodine  vapor  eell,  neutral 
density  loss  through  the  Iodine  vapor,  and  mismatch  in 
electronic  signal  amplification.  Spatially  dependent  biases 
were  caused  by  dirt  on  the  optics,  bending  of  the  beamsplitter 
and  Iodine  vapor  cell  windows,  and  polarization  effects  from 
the  interaction  of  Mie  scattered  laser  light  with  the  beamsplitter. 
The  bias  and  spatially  dependent  transmission  effects  were 
isolated  by  adjusting  the  laser  output  frequency  to  place  the 
Doppler  shifted  frequency  outside  the  Iodine  absorption  line 
and  acquiring  data  normally.  The  resulting  normalized  images 
were  inverted  and  averaged  to  obtain  a  transmission  correction 
image  for  multiplieation  with  the  normalized  data  images  prior 
to  velocity  conversion. 

4.  MOVING  TO  THE  THIRD  DIMENSION 

Although  the  several  wind  tunnel  investigations  using 
the  single-component  DGV,  reference  6,  provided  insight  into 
various  aerodynamic  flows,  the  primary  interest  of 
aerodynamicists  was  three-component  velocity  measurements 
in  standard  U,  V,  and  W  component  directions.  Two  receiver 
optical  systems  were  added  to  the  DGV  system  and  laboratory 
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tests  conducted  on  a  rotating  wheel  to  develop  three  component 
measurement  capability. 

4. 1  Phase  I  —  The  Laboratory 

The  three-component  DGV  optical  system  was  placed 
about  a  rotating  wheel,  with  a  receiver  set  on  the  left,  right  and 
above  with  a  30°  angle  to  the  plane  of  the  wheel.  The  wheel  was 
illuminated  with  a  cone  of  laser  light  propagating  in  the  horizontal 
plane,  and  inclined  by  45°  to  the  wheel.  The  view  from  each 
receiver  of  the  calibration  card  is  shown  in  figure  13.  The 
perspective  and  optical  distortions  were  removed  using  the  normal 
piecewise  bilinear  warping  software.  The  number  of  rows  and 
columns  extending  from  the  central  dot  were  matched  for  the  three 
images.  The  resulting  warped  views  are  also  shown  in  figure  13. 
Thus,  the  images  had  the  proper  overlay  to  not  only  determine  the 
A,  B,  and  C  velocity  components,  but  also  determine  the 
standard  U,  V,  and  W  velocity  components  using  triangulation 
procedures  for  each  pixel  location. 

The  wheel  was  spun  and  the  velocity  data  acquired.  The 
measured  and  converted  velocity  images  are  shown  in  figure  14. 
As  expected,  the  U  component  was  nominally  0  m/sec,  and  the 
V  and  W  components  had  the  appropriate  profiles  for  a  solid 
body  of  revolution,  with  the  proper  90°  phase  difference  between 
components. 

4.2  Phase  II  —  The  Tunnel  Test 

The  first  wind  tunnel  application  of  three-component  DGV 
served  as  a  demonstration  of  the  Langley-designed  system  for  the 
40-x  80-foot  National  Subsonic  Wind  Tunnel  at  the  NASA  Ames 
Research  Center,  reference  8.  The  system  orientation  for  the 
measurement  of  the  jet  flow  exiting  from  a  High  Speed  Civil 
Transport  engine  model  is  shown  in  figure  15.  The  investigation 
yielded  resolved  U,  V,  and  W  velocity  components  of  a  0.22  m 
diameter  jet,  operating  at  temperatures  up  to  700°  C  with 
velocities  over  500  m/sec.  An  example  image,  figure  16,  of  the 
streamwise  velocity  component  obtained  within  a  plane  normal 
to  thejet  axis,  0.25  jet  diameters  downstream  from  the  exit,  clearly 
shows  the  velocity  deficit  caused  by  the  conical  central  body.  The 
spatial  measurement  grid  capability  of  the  technique,  even  at  focal 
distances  up  to  1 5.5  m,  is  shown  by  the  X-Y  plot  of  the  measured 
velocities  obtained  from  a  single  row  of  pixels,  with  a  resolution 
of  1.25  mm,  along  the  diameter  of  thejet. 

This  investigation  revealed  two  additional  problems. 
Vibration  in  large  wind  tunnels,  coupled  with  the  need  for  long 
focal  distances,  placed  unrealistic  requirements  on  the 
maintenance  of  optical  alignment.  The  other  concern  was  the 
large  measurement  uncertainty  at  the  edge  of  the  smoke.  As  with 
earlier  obstacles,  system  misalignments  that  occurred  during  wind 
tunnel  testing  were  corrected  using  image  processing  techniques. 
The  dewaxed  signal  and  reference  images  were  cross  correlated 
to  determine  their  spatial  misalignment.  The  signal  image  was 
then  shifted  to  realign  the  two  images  before  normalization.  The 
reference  images  from  each  component  were  also  cross  correlated 
to  determine  their  spatial  misalignment.  Again,  two  components 
were  shifted  to  align  the  images  before  conversion  to  the  standard 
U,  V,  and  W  velocity  components.  It  is  noted  that  only  the 
reference  images  were  correlated  to  insure  the  absence  of  velocity 
dependencies  induced  in  the  signal  images  by  the  Iodine  vapor 
that  would  influence  the  correlation  results. 


As  the  smoke  density  dissipated  at  the  edge  of  the  plume, 
the  acquired  signal  and  reference  amplitudes  decreased,  thus 
increasing  the  uncertainty  of  the  corresponding  normalized 
results.  Additionally,  since  the  plume  moved  and  changed  with 
time,  reduced  scattered  light  levels  influenced  a  greater  spatial 
area  when  sequential  velocity  images  were  averaged,  thus 
increasing  overall  measurement  uncertainty.  By  raising  the 
acceptable  threshold  levels,  measurement  uncertainties  were 
reduced.  Additionally,  a  band  of  four  pixels  along  the  smoke 
plume  edges  was  removed  in  each  normalized  image  to  negate 
the  low  frequency  rolloff  induced  by  the  spatial  low  pass  filter 
described  above. 


5.  THE  CURRENT  TECHNOLOGY 

Wind  tunnel  entries  continued  with  the  three-component 
investigation  of  a  wing  tip  vortex,  and  its  interaction  with  a 
trailing  model  in  the  Langley  30-x  60-foot  Full  Scale  Wind 
Tunnel,  figure  17.  Although  this  facility  was  smaller  than  the 
NASA  Ames  40-x  80-foot  National  Subsonic  Wind  Tunnel,  it 
had  an  open  test  section  making  installation  of  the  optics  more 
difficult.  Two  of  the  receiving  optical  systems  were  installed 
in  pods  placed  on  the  test  section  floor,  figure  17,  at  focal 
distances  of  7.5  m,  and  the  third  was  placed  on  top  of  the  test 
section  inlet  at  a  focal  distance  of  1 8.25  m.  The  5-cm  diameter 
vortical  flow  was  measured  with  the  upstream  airfoil  set  to  2- 
and  10-degree  angles  of  attack.  Averaging  the  cross-flow 
velocity  data  images  produced  the  results  shown  in  figure  18. 
While  these  images  gave  an  indication  of  the  vortex  motion, 
they  provided  little  information  about  the  vortex  structure. 
Using  the  cross  correlation  procedure  described  above,  the 
vortex  structures  became  clear,  figure  19. 

The  latest  entry  was  the  investigation  of  the  flow  entering 
a  powered  helicopter  model  tail  rotor  in  the  14-x  22-foot 
Subsonic  Tunnel.  The  three  velocity  components  indicated  that 
the  flow  moved  downward  at  45  degrees  in  a  uniform  manner, 
figure  20.  The  measurements  showed  the  influence  of  the  main 
rotor  flow,  but  the  expected  rotor  tip  vortices  were  not  found. 
The  lack  of  evidence  from  tip  vortex  passage  was  traced  to  flow 
field  averaging  by  the  video  cameras.  During  the  1 7  msec  video 
field  acquisition  of  scattered  light,  the  main  rotor  rotated 
240  degrees  which  moved  at  least  two  vortices  through  the  light 
sheet.  Further  complications  included  the  comparatively  large 
measurement  uncertainty,  ±2  m/sec,  attributed  to  charge 
transfer  noise,  and  the  inability  to  maintain  a  constant 
temperature  in  the  Iodine  vapor  cells  because  of  the  -5°  C 
ambient  temperature. 

The  implications  of  these  investigations  have  led  to 
major  modifications  in  the  current  DGV  optical  system.  These 
modifications  will  increase  measurement  capabilities  along 
with  measurement  accuracy.  The  Argon  ion  laser  is  being 
replaced  with  a  pulsed  single-frequency,  frequency-doubled 
Nd:YAG  laser  to  provide  the  capability  to  measure  unsteady 
flow  fields.  Further,  the  10  nsec  pulse  width  will  provide 
measurement  images  with  full  turbulent  bandwidth  allowing  the 
measurement  of  turbulence  intensity  and  turbulence  power 
spectra  using  spatial  domain  techniques.  The  industry  standard 
RS-170  video  cameras  are  being  replaced  with  10-bit  digital 
cameras  to  increase  velocity  measurement  resolution.  The 
remaining  modification  is  the  enclosure  of  each  Iodine  vapor 
cell  in  an  insulated  container  to  provide  better  temperature 
stability.  All  Iodine  vapor  cell  stem  and  body  temperatures  are 
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measured  for  each  set  of  three-component  data  images  acquired. 
These  temperatures  are  then  used  to  theoretically  determine  the 
Iodine  vapor  cell  transfer  function  for  each  corresponding  data 
image.  This  yields  greater  measurement  accuracy  than  would  be 
obtained  using  calibrated  transfer  functions  for  a  few  selected 
temperatures. 

5.  CONCLUDING  REMARKS 

The  development  program  conducted  at  NASA  Langley 
Research  Center  has  shown  that  Doppler  Global  Velocimetry  is  a 
robust  and  versatile  technology  that  can  provide  global 
three-component  velocity  measurements  of  an  aerodynamic  flow. 
Its  evolution  included  laboratoiy  and  wind  tunnel  testing  to 
develop  a  basic  understanding  of  the  technology,  the  nature  of 
Mie  scattered  light,  and  the  characteristics  of  the  elements 
comprising  the  DGV  system.  Example  test  results  were  presented 
and  characteristics  identified  which  triggered  advances  in  data 
processing  algorithms.  The  results  also  showed  a  progressive 
improvement  in  data  quality  as  the  new  algorithms  were  included 
during  processing.  The  measurement  envelope  increased  during 
the  development  program  from  single-component  measurements 
of  low-speed  flows  in  a  small  wind  tunnel  to  the  measure  of  a 
Mach  2.8  flow  using  submicron  water  condensation,  and 
three-component  investigations  of  a  22-cm  diameter  hot  jet  in  a 
40-x  80-foot  wind  tunnel  and  a  5-cm  diameter  tip  vortex  measured 
at  a  focal  distance  of  18.25  m. 
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Fig.  1.  Transfer  function  of  the  Iodine  vapor  cell. 


Camera 


Fig.  2.-  Pictorial  view  of  the  Doppler  Global  Velocimeter  used 
in  the  Basic  Aerodynamics  Research  Tunnel  to  measure 
the  flow  above  a  75°  delta  wing. 


Fig.  3.-  Pictorial  view  of  the  receiver  optical  system. 


DGV  data  image  for  the  near  cross-flow  component  of 
the  vortical  flow  above  a  75°  delta  wing  at  an  angle  of  attack 


Fig.  7.-  Dewarped  dot  card  image, 


Fig.  5.-  View  of  equally  spaced  dots  on  a  flat  card  placed  in  the 
laser  light  sheet  position. 


Fig.  8.-  Normalized  image  based  on  the  dewarped  dot  card 
image  shown  in  Fig.  7. 


Fig.  6.-  Normalized  image  based  on  the  dot  card  image  shown  in 
Fig.  5. 


Fig.  9.-  Flow  visualization  of  the  vortical  flow  above  a  75o  delta 
wing  at  an  angle  of  attack  of  20.5  °. 
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Fig.  10.-  DGV  data  image  for  the  near  cross-flow  component  of 
the  vortical  flow  above  a  75o  delta  wing  at  an  angle  of  attack 
of  20.5  °. 


Fig.  1 1 .-  Photograph  of  the  laser  light  sheet  above  a  75°  delta  wing 
at  the  95%  chord  location  at  Mach  2.8. 
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Fig.  12.-  Map  of  the  velocity  flow  measured  by  the  DGV  system 
of  the  vortical  flow  above  a  75°  delta  wing  at  the  95%  chord 
location  at  Mach  2.8. 


Fig.  13.-  Views  of  equally  spaced  dots  on  a  flat  card  from  the 
left,  right,  and  above  with  an  inclination  of  30°  from  the 
card  plane  before  and  after  warping. 
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Fig.  14.-  Original  and  resolved  U,  V,  and  W  velocity 
component  images  of  a  rotating  wheel  obtained  from  the 
three  views  shown  in  Fig.  13. 
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Fig.  15.-  Configuration  of  the  three-component  DGV  optical 
system  in  the  NASA  Ames  Research  Center  40-x  80-foot 
National  Subsonic  Wind  Tunnel. 


Fig.  16.-  Resolved  streamwise  component  of  velocity  from  the 
high-speed  jet  flow  operating  at  463°  C  at  a  free  stream 
Mach  number  equal  to  0.15. 
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ABSTRACT 

A  Doppler  Global  Velocimetry  system  has  been 
developed  based  around  a  cw  Argon-ion  laser  and  a  fast 
digital  image-processing  system,  with  the  eventual  aim  of 
using  the  technique  for  measurement  of  flow  velocities  in 
turbomachinery.  In  this  paper  the  influence  of  the  laser 
source,  the  cameras  and  the  absorption  cell  on  the  velocity 
resolution  are  considered  and  initial  results  are  presented 
from  tests  in  an  8-inch  high-speed  air  flow  duct.  These 
indicate  that  a  velocity  resolution  of  2.5  ms  '  is  attainable 
with  the  current  system.  The  limiting  factor  on  the  resolution 
at  present  is  the  signal-to-noise  performance  of  the  cameras. 

1.  INTRODUCTION 

Doppler  Global  Velocimetry  (DGV)  is  an  optical 
technique  for  the  measurement  of  fluid  flow  velocities.  It 
detects  the  Doppler  shift  experienced  by  light  scattered  from 
moving  seed  particles  entrained  in  a  flow.  A  single  image 
provides  a  two-dimensional  array  of  flow  velocity 
measurements,  typically  containing  several  hundred  thousand 
velocity  vectors,  and  DGV  can  therefore  be  considered  to  be 
the  extended-field  analogue  of  Laser  Doppler  Velocimetry 
(LDV).  DGV  was  first  demonstrated  by  Komine  et  al  (1991) 
and  Meyers  and  Komine  (1991),  and  has  since  been 
developed  in  the  USA,  by  Meyers  (1995)  of  NASA,  for  full 
three-dimensional  mapping  of  flow  vectors  in  wind  tunnel 
tests. 

Unlike  LDV,  which  uses  an  interferometric  method  to 
measure  the  optical  Doppler  shift,  DGV  employs  a  cell 
containing  an  absorbing  vapour,  typically  molecular  iodine  at 
an  elevated  temperature,  as  a  highly  sensitive  edge  filter 
(Quinn  and  Chartier  (1993)).  The  laser  light  source,  which 
must  have  a  linewidth  at  least  an  order  of  magnitude 
narrower  than  the  width  of  the  absorption  line,  is  tuned  to  the 
approximately  linear  region  centred  on  the  50%  absorption 
level  of  the  chosen  line.  Scattered  light  from  the  seeded  flow 
passes  through  the  absorption  cell,  where  the  optical  Doppler 
shifts  are  transduced  into  intensity  variations.  Directional 
discrimination  is  automatic;  if  positive  flow  vectors  result  in 


increased  absorption  of  the  scattered  light,  then  negative 
vectors  will  result  in  decreased  absorption,  and  vice  versa. 

The  Doppler  shift  Av  is  given  by  the  equation 

,  v(u-k).V 
c 

where  v  is  the  initial  laser  frequency,  k  and  u  are  unit  vectors  in 
the  illunnination  and  viewing  directions  respectively,  V  is  the 
velocity  vector  and  c  is  the  free-space  speed  of  light.  The 
velocity  component  detected  is  thus  that  in  the  direction 
perpendicular  to  the  bisector  of  the  illumination  and  viewing 
vectors  (Figure  1). 


Figure  1:  DGV  geometry  showing  directions  of 
viewing  vector  u,  illumination  vector  k  and  measured 
velocity  component  u-k. 

The  ability  of  DGV  to  measure  velocity  vectors  over  an 
extended  region  from  a  single  image  greatly  reduces  the  time 
required  to  map  a  flow.  This  offers  a  considerable  advantage 
when  investigating  large  test  rigs,  for  which  running  costs  can 
be  high.  The  precision  and  dynamic  range  of  DGV  velocity 
measurements,  however,  are  inferior  to  those  for  point  LDV, 
and  the  lowest  measurable  speed  is  limited  to  values  of  the 
order  of  one  metre  per  second.  The  velocity  range  extends  up 
to  several  hundred  metres  per  second  in  the  direction  of  the 
measured  component 

DGV  is  directed  at  the  same  type  of  measurement  as  the 
more  established  technique  of  particle  image  velocimetry 
(PIV).  Both  aim  to  detect  velocities  in  a  region  within  the  flow 
defined  by  a  laser  light  sheet.  However,  there  are  significant 
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differences  between  the  two  techniques.  PIV  usually  detects 
the  component  of  motion  in  the  plane  of  the  light  sheet, 
although  other  components  are  available  from  double  sheet 
(Prenel  et  al  (1989))  or  holographic  (Hinsch  (1995)) 
implementations  of  PIV.  The  signal  processing  requires  time¬ 
intensive  particle  tracking  or  image  correlation,  although 
recent  advances  have  enabled  state-of-the-art  PIV  systems  to 
produce  several  flow  maps  per  second  (McCluskey  (1995)). 
DGV  can  measure  any  velocity  component  by  appropriate 
choice  of  system  geometry,  and  is  tolerant  of  a  wider  range 
of  seeding  conditions  than  PIV. 

Velocities  experienced  in  turbomachines  are  typically  in 
the  range  of  tens  to  hundreds  of  metres  per  second, 
appropriate  for  measurement  using  the  DGV  technique.  DGV 
offers  the  capability  of  measuring  either  time-averaged  or 
instantaneous  measurements,  depending  on  whether  the 
source  is  a  cw  or  a  pulsed  laser.  Detector  integration  times 
are  typically  40  ms,  but  can  be  increased  up  to  several 
seconds  for  cooled  cameras.  PIV  uses  a  pulsed  source  and 
inherently  measures  near-instantaneous  velocity.  Most  CFD 
codes  at  present  produce  time-averaged  flow  models,  for 
comparison  with  which  DGV  data  may  prove  more 
appropriate  than  those  obtained  using  PIV. 

Access  is  more  restricted  in  turbomachinery  than  in 
wind  tunnels  or  free  flows.  However,  DGV  using  cw  lasers  is 
amenable  to  optical  fibre  delivery  for  difficult  access 
problems.  The  DGV  signal  processing  in  its  simplest  form  is 
a  straightforward  ratio  operation  between  the  images  on  two 
cameras,  although  additional  image  warping  in  software,  to 
improve  pixel-to-pixel  matching  between  the  two  images,  is 
required  to  obtain  improved  accuracy  in  flows  with  high 
spatial  velocity  gradients.  DGV  works  well  at  high  velocities, 
above  100  ms',  where  the  very  short  inter-pulse  time 
necessary  in  PIV  becomes  more  difficult  to  achieve.  The 
differing  attributes  of  PIV  and  DGV  suggest  that  in  many 
situations  they  are  complementary,  rather  than  competing, 
techniques. 

In  this  paper,  the  development  of  a  one-dimensional 
DGV  system  at  Cranfield  is  described,  with  emphasis  on  the 
design  of  the  optical  system  for  optimal  velocity  resolution  of 
the  technique. 


2.  OPTICAL  SYSTEM 

The  optical  arrangement  used  is  similar  to  that  of 
Meyers  (1992).  Light  from  a  frequency-stabilised  Argon-ion 
laser  (Spectra  Physics  Beamlok  2060)  is  expanded  into  a 
sheet  using  a  combination  of  two  spherical  lenses  followed 
by  two  cylindrical  lenses,  in  a  double  telescope 
configuration.  The  light  sheet  intersects  the  flow  in  the 
measurement  region.  In  the  viewing  system,  shown  in  figure 
2,  the  first  element  is  a  zoom  camera  lens,  which  forms  an 
image  of  the  light  sheet  a  few  centimetres  behind  the  back 
surface  of  the  lens. 

A  transfer  lens  then  re-images  the  light  sheet  onto  a 
CCD  camera  at  a  distance  of  36  cm  from  the  first  image.  This 
allows  the  iodine  absorption  filter  to  be  interposed  between 


the  transfer  lens  and  the  camera.  Intensity  variations  appear 
across  the  camera  image  for  reasons  other  than  absorption  by 
the  iodine,  including  variation  of  the  light-sheet  power  due  to 
the  Gaussian  profile,  variations  in  seeding  level,  and 
imperfections  of  the  optics.  Temporal  variations  in  illumination 
level  may  also  occur.  To  correct  for  all  these  variations,  the 
image  beam  is  amplitude-divided  by  a  beamsplitter  following 
the  transfer  lens,  and  this  light  forms  an  image  on  a  second 
camera  in  a  reference  arm  from  which  the  iodine  cell  is 
omitted. 


Figure  2:  Schematic  of  the  DGV  optical  arrangement. 


A  40  MHz  digital  image-processing  system  (Imaging 
Technology  150/40  board)  is  used,  which  comprises 
acquisition,  display,  and  computational  modules.  This  sytem 
enables  simultaneous  capture  of  images  from  the  reference  and 
signal  cameras,  and  calculation  and  display  of  the  normalised 
intensity  map  in  pseudo-real  time,  at  an  update  rate  of  25  Hz. 
The  real-time  capability  greatly  eases  the  process  of  camera 
alignment,  since  adjustments  can  be  performed  interactively, 
while  viewing  the  normalised  image.  Quantitative  information 
is  obtained  from  post-processing. 

Spatial  resolution,  for  high  seeding  density,  is  a  function 
of  the  number  of  elements  in  the  camera  array,  the  quality  of 
optical  components  in  the  imaging  system  and  the  area  of  the 
measurement  region  in  the  flow.  For  low  seeding  densities, 
averaging  less  than  one  seed  particle  imaged  per  pixel  during 
the  integration  time,  seeding  may  be  the  limiting  factor  in 
spatial  resolution. 

Velocity  resolution  depends  upon  the  performance  of 
several  elements  of  the  optical  system,  including  laser 
frequency  stability,  temperature  stability  of  the  heated  iodine 
cell,  and  camera  noise.  The  images  on  the  two  cameras  are 
assumed  to  be  identical  in  everything  but  intensity,  so  the 
degree  of  pixel-to-pixel  matching  obtained  and  any  difference 
in  response  of  individual  camera  pixels  will  also  influence  the 
overall  system  performance,  as  will  aberrations  introduced  into 
the  signal  beam  by  its  passage  through  the  iodine  cell.  A  recent 
publication  by  Marmers  et  al.  (1996)  suggests  that  pixel 
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matching  to  better  than  one  twentieth  of  the  pixel  dimension 
is  required  in  order  to  obtain  optimum  accuracy  in  difficult 
regions  of  flows  such  as  shocks.  The  effect  of  each  individual 
system  component  upon  the  total  performance  of  the  DGV 
system  is  considered  in  more  detail  in  following  sections  of 
the  paper. 


3.  IODINE  CELL 

The  iodine  cell  must  be  large  enough  in  diameter  to 
encompass  the  signal  beam,  and  must  be  of  sufficient  length 
to  ensure  appreciable  absorption  at  readily  attainable  iodine 
vapour  pressures.  A  fused  silica  cell,  50  mm  long  and  30  mm 
in  diameter,  was  used  in  these  experiments.  A  small  amount 
of  solid  iodine  was  introduced  into  the  cell,  which  was 
subsequently  evacuated  using  a  high-vacuum  pump  and 
sealed.  Heating  of  the  cell  was  necessary  to  obtain  good 
visibility  in  the  signal  image.  Some  solid  remained  in  the 
heated  cell,  therefore  the  vapour  concentration  was  fixed  by 
the  saturation  vapour  pressure  of  iodine. 

The  type  of  cell  described  above  is  said  to  be  saturated, 
whereas  if  no  solid  remains,  the  cell  is  called  an  unsaturated, 
or  starved,  cell.  The  absorption  varies  approximately  linearly 
with  vapour  pressure  in  either  case  and,  in  an  unsaturated 
cell,  the  fractional  variation  in  temperature  is  equal  to  the 
fractional  variation  in  vapour  pressure.  However,  the 
temperature  dependence  is  much  stronger  for  a  saturated  cell 
(Fredin-Picard  (1989)).  The  fractional  vapour  pressure 
variation  is  about  twenty-five  times  greater  for  the  same 
fractional  temperature  variation.  An  unsaturated  cell  may  be 
preferred  for  this  reason,  but  it  has  certain  disadvantages;  the 
relatively  low  vapour  pressure  results  in  a  reduced  dynanuc 
range,  and  the  cell  can  become  optically  saturated  for  high 
levels  of  scattered  light.  A  saturated  cell  was  therefore  chosen 
for  the  Cranfield  system. 

Temperature  stability  to  about  0.1  K  is  required  to 
maintain  the  absorption  fluctuations  below  one  grey  level 
(about  0.5%)  for  an  8-bit  system.  The  velocity  variation 
(which  is  a  maximum  for  the  full  backscatter  geometry)  will 
then  be  below  about  1  ms  '.  Much  attention  was  given  to  the 
design  of  the  oven  for  heating  the  cell,  since  both  stability  of 
the  cell  temperature  with  time,  and  constancy  of  temperature 
throughout  the  body  of  the  cell  were  expected  to  be  crucial  to 
the  performance  of  the  system. 

Initial  trials,  using  a  design  in  which  the  cell  was 
surrounded  by  heated  air,  did  not  provide  sufficiently  even 
heating.  Modifications  were  made,  and  a  second  oven  was 
constmcted  using  the  design  shown  in  figure  3.  The  cell  was 
coated  with  heat-sink  compound,  and  closely  surrounded  by 
a  copper  jacket,  which  was  in  contact  with  the  cell  wall.  A 
thermocouple  sensor  was  cemented  to  the  copper  jacket,  and 
heating  cable  was  wound  around  the  jacket,  completely 
covering  it. 

Where  the  side-arm  and  tap  protmded  from  the  cell,  a 
small  gap  was  unavoidable.  Finally,  the  entire  stmcture  was 
enclosed  in  a  close-fitting,  thick-walled  plastic  tube,  which 


provided  thermal  insulation.  Entrance  and  exit  holes  were 
provided  for  the  heating  cable,  and  the  anti-reflection-coated 
optical  windows  were  sealed  into  the  ends  of  the  plastic  tube. 
The  substantial  electrical  insulation  around  the  heating  cable 
also  provided  additional  thermal  insulation.  The  copper  jacket, 
heating  coil  and  tube  extend  beyond  the  cell  by  about  3  cm  at 
each  end.  This  minimises  temperature  gradients  in  the  cell  by 
ensuring  that  air  in  the  gap  between  cell  and  oven  windows,  the 
least  well  insulated  part  of  the  enclosure,  is  heated  by  contact 
with  the  copper  jacket,  reducing  the  temperature  gradient 
between  the  two  sets  of  windows  as  much  as  possible. 
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Rguie  3:  Schematic  of  DGV  heating  oven. 


The  heating  cable  used  was  of  the  type  which  has  a  cool 
lead  section,  thus  avoiding  unnecessary  heating  around  the 
cameras  in  the  DGV  head.  The  cable  was  attached  to  a 
Proportional/integral-type  temperature  controller.  This  type  of 
controller  provides  heat  at  a  rate  proportional  to  the  difference 
between  actual  measured  temperature  and  set  point 
temperature,  and  also  compensates  for  any  discrepancy 
between  the  set  and  final  temperatures  due  to  differences  in  the 
heat  supply  and  heat  loss  rates.  The  controller  was  programmed 
to  bring  the  temperature  to  the  operating  point  as  rapidly  as 
possible  without  overshoot,  and  subsequently  to  maintain  the 
sensor  temperature  to  within  0.1  °C.  Due  to  the  large  thermal 
mass  inside  the  oven,  the  temperature  stability  of  the  cell  itself 
was  expected  to  be  better  than  this. 

The  performance  of  the  cell  oven  was  tested  by  mounting 
the  oven  on  a  translation  stage  with  continuous  transverse 
adjustment  and  stepwise  height  adjustment.  The  output  from 
the  argon-ion  laser,  strongly  attenuated  using  neutral  density 
filters,  was  directed  to  pass  through  the  cell,  parallel  to  its  axis. 
Software  was  written  to  sum  the  intensity  values  recorded  over 
all  the  pixels  of  a  CCD  camera,  which  was  thus  used  as  a  large 
area  detector  for  the  laser  beam,  behind  the  oven. 

The  laser  frequency  was  set  to  a  point  on  the  side  of  the 
iodine  absorption  line,  and  the  transmission  was  recorded  as  the 
laser  beam  passed  through  different  positions  across  the  cell 
aperture.  The  experiment  was  repeated  with  the  laser  tuned  off 
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the  absorption  line,  and  these  values  were  used  to  normalise 
the  first  set  of  measurements.  The  positions  where 
measurements  were  made,  and  the  measured  transmission 
values  are  shown  in  figure  4.  The  standard  deviation  is  3.5%, 
attributed  largely  to  errors  in  translating  the  cell  to  exactly 
corresf)Onding  positions  for  both  sets  of  measurements.  No 
systematic  variation  in  absorption  is  detectable  across  the  cell 
aperture. 


(a) 


(b) 

Normalised  cell  transmission 


Horizontal  distance  from  cell  axis  /  mm 


Rgune  4;  (a)  Positions  in  cell  where  transmission 
measurements  were  made,  (b)  Normalised  transmission 
curves  for  the  three  rows  of  measurements. 


Calibration  curves  for  the  cell  were  obtained  by 
scanning  the  laser  frequency  slowly  across  the  region  of  the 
iodine  absorption  line.  Curves  for  operating  temperatures  of 
40  °C  and  60  °C  are  shown  in  figure  5.  The  intensity  variation 
is  71%  of  the  maximum  at  40  °C,  increasing  to  90%  at  60  °C. 


Laser  Frequency  Shift/  GHz 

Figure  5:  Transmission  curves  for  iodine  cell,  as 
a  function  of  laser  frequency. 


4.  LASER  SOURCE 

The  Spectra  Physics  Beamlok  Argon-ion  laser  used  with 
the  Cranfield  DGV  system  contains  a  temperature-stabilised 
etalon  for  single-line  operation.  It  provides  a  maximum  of 
about  2.5  W  of  optical  power  at  514.5  run,  when  the  etalon 
temperature  is  tuned  so  that  its  minimum  attenuation  coincides 
with  the  centre  of  the  laser  gain  curve.  The  linewidth  is  about  3 
MHz  and  a  combination  of  frequency-stabilisation  circuits 
limits  the  jitter  of  the  centre  firequency  to  about  2  MHz  over  a 
frequency  range  from  10-500  Hz.  Drifts  of  several  hundred 
MHz  can  occur  in  the  centre  frequency  over  longer  time 
periods  if  the  ambient  temperature  changes,  but  mode-hopping 
is  almost  completely  eliminated  unless  drastic  and  sudden 
changes  of  ambient  temperature  are  experienced. 

Particularly  for  instantaneous  (pulsed)  DGV 
measurements,  it  is  important  that  the  jitter  on  the  centre 
firequency  be  as  small  as  possible,  and  that  the  position  of  this 
centre  frequency  relative  to  any  point  on  the  iodine  absorption 
line  is  either  stable,  or  is  tracked  as  the  two  drift  relative  to  one 
another.  A  combination  of  stabilisation  and  tracking  is  the  most 
practical  solution.  For  time-averaged  measurements,  the  effect 
of  the  jittter  will  be  less  than  for  the  pulsed  case  due  to 
averaging.  The  linewidth  of  the  laser,  while  it  should  be  as 
narrow  as  possible,  is  not  as  crucial  as  the  stability  of  the  centre 
wavelength.  Provided  that  the  laser  frequency  is  positioned  in 
the  approximately  linear  region  of  the  iodine  line,  small  errors 
firom  frequencies  above  the  centre  value  are  cancelled  by  smaU 
errors  fix)m  fi-equencies  below  the  centre  value,  permitting 
rather  large  laser  hnewidths  to  be  tolerated  with  little  error. 
This  would  be  particularly  helpful  when  using  short-pulsed 
lasers  for  DGV,  since  transform-limited  linewidths  are  usually 
at  least  an  order  of  magnitude  greater  than  linewidths  for  cw 
lasers. 


5.  CAMERAS 

The  cameras  used  were  COHU  4910  series  analogue 
cameras,  with  an  array  size  of  752  (H)  x  582  (V)  elements 
giving  an  interlaced  resolution  of  560  (H)  x  450  (V)  TV 
Unes.  The  signals  were  digitised  to  8  bits  (256  grey  levels)  by 
the  image-processing  board.  The  frame  rate  was  25  Hz,  and 
synchronisation  for  simultaneous  reference  and  signal  image 
acquisition  was  achieved  using  a  pulse  output  from  the  image 
processing  board  via  a  signal  splitter  box  which  sent  the 
trigger  pulse  to  both  cameras  simultaneously.  It  was  found  in 
early  DGV  tests  with  the  system  that  the  signal-to-noise 
performance  of  the  cameras  was  rather  poor;  with  the  gain 
adjusted  to  the  minimum  possible  value,  the  maximum 
variation  in  the  output  of  any  one  pixel  was  measured  to  be 
about  4  grey  levels  in  256,  or  2  bits  of  noise,  while  at 
maximum  gain  the  variation  was  as  much  as  20  grey  levels, 
or  more  than  4  bits  of  noise.  Acceptable  performance, 
without  the  necessity  for  averaging  over  large  numbers  of 
frames,  was  therefore  only  achieved  with  the  camera  gains 
set  close  to  the  minimum  value.  This  greatly  increased  the 
seeding  level  required  to  produce  reasonable  signal  levels 
when  making  measurements  on  a  flow,  as  discussed  later. 

The  noise  levels  experienced  appear  to  be  typical  for 
this  type  of  inexpensive  analogue  camera.  Similar 
performance  was  measured  from  a  Pearpoint  800  analogue 
camera.  Improved  signal-to-noise  would  be  expected  from  a 
better  quality  analogue  camera  or,  preferably,  an  8  or  10-bit 
digital  camera.  A  cooled  chip  would  allow  much  longer 
integration  times  and  thus  improve  performance  still  further 
for  steady-state  flows,  with  low  scattered  light  levels. 

6.  EXPERIMENTAL  MEASUREMENTS 

The  DGV  system  was  initially  tested  in  the  laboratory, 
viewing  a  rotating  perspex  disc  15  cm  in  diameter,  coated 
with  reflective  paint.  The  rotation  speed  of  the  disc,  which 
was  about  45  ms  '  at  the  circumference,  was  calibrated 
against  a  strobe  mark,  using  a  point  photodetector,  and  the 
DGV  illumination  and  viewing  vectors  were  arranged  to  lie 
in  a  horizontal  plane,  so  that  a  horizontal  velocity  component 
only  was  detected.  The  horizontal  velocity  varies  linearly 
along  a  vertical  line  throught  the  centre  of  the  wheel.  Pixel 
intensities  on  this  line  were  averaged  over  40  frames,  and  the 
velocity  of  the  wheel  was  correctly  measured  to  a  velocity 
resolution  of  about  1  ms  '. 

To  allow  measurement  under  normal  room  lighting 
conditions,  the  entire  viewing  system  was  enclosed  in  a  light¬ 
tight  case,  and  a  narrowband  (2  run  FWHM)  bandpass  filter 
for  the  laser  wavelength  of  514.5  nm  was  positioned  behind 
the  front  zoom  lens.  This  was  not  always  required  in 
laboratory  testing,  but  was  essential  during  later  wind-tunnel 
tests,  which  were  made  under  conditions  of  direct  sunlight. 

Following  the  successful  tests  on  the  rotating  disc, 
experiments  were  subsequently  performed  on  an  8-inch 
diameter  high-speed  flow  duct,  equivalent  to  a  miniature 
wind  tunnel.  Due  to  work  on  other  rigs,  testing  was  often 


carried  out  with  external  doors  open,  so  that  the  DGV  system 
was  exposed  to  large,  rapid  temperature  fluctuations  and  direct 
sunlight.  The  narrowband  line  filter  was  always  required  under 
these  conditions.  The  air  flow  in  the  duct  could  be  varied  in 
speed  from  zero  to  more  than  100  ms'.  Titanium  dioxide 
particles  of  about  0.5  |im  diameter  were  used  as  a  solid  seeding 
agent.  The  flow  speed  in  the  duct  was  calibrated  against  Pitot 
tube  measurements. 

The  DGV  geometry  used  is  shown  in  figure  6.  The  laser 
was  mounted  on  a  table  beside  the  test  rig,  and  the  light-sheet 
optics  on  a  small  optical  table  close  to  the  duct  entrance. 
Mirrors  were  used  to  direct  the  beam,  through  the  light-sheet 
optics,  directly  down  the  centre  of  the  duct  in  the  direction  of 
flow.  The  DGV  head  viewed  the  light  sheet,  which  was  slightly 
divergent  and  measured  about  10  cm  in  height  in  the  region 
imaged,  through  a  5  cm  diameter  perspex  window  in  the  side  of 
the  duct.  Thus  the  illumination  and  viewing  directions  were 
perpendicular,  and  the  velocity  component  measured  was  at  45“ 
to  the  flow  direction. 


Figure  6:  DGV  illumination  and  viewing  geometry 

used  for  flow  duct  measurements. 

The  cell  temperature  was  set  to  60  °C  to  obtain  a  large 
dynamic  range,  and  the  cameras  were  used  on  near-minimum 
gain  to  maximise  the  signal-to-noise  ratio  (S/N).The  black  level 
(zero  offset)  was  adjusted  for  each  camera  separately  with  no 
light  entering  the  DGV  head,  and  the  camera  gains  were 
adjusted  to  give  identical  outputs  for  a  laser  frequency  just  off 
the  low-frequency  side  of  the  iodine  absorption  line.  The  laser 
frequency  was  then  set  to  a  point  in  the  linear  region  on  the 
negative-gradient  side  of  the  iodine  line.  It  was  found  that, 
under  these  conditions,  with  a  collection  aperture  of  about  ilA 
and  with  the  laser  providing  about  1.5  W  of  power,  sufficient 
seeding  to  use  the  full  dynamic  range  of  the  cameras  was 
obtained  only  immediately  after  switching  on  the  seeder,  when 
a  particularly  concentrated  burst  of  seeding  was  obtained.  The 
camera  gains  could  have  been  increased,  but  only  at  a  cost  of 
reduced  S/N,  and  capture  of  image  frames  was  therefore 
restricted  to  the  duration  of  the  initial  seeding  bursts. 


7.  RESULTS 

The  flow  was  adjusted  to  a  range  of  different  speeds  and 
DGV  images  were  captured  under  each  condition.  Averaging 
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was  performed  over  a  square  block  of  36  pixels  near  the 
centre  of  the  normalised  image,  thus  reducing  the  expected 
signal  variation  due  to  camera  noise  from  about  6  grey  levels 
to  about  1  grey  level.  The  zero-flow  intensity  value  was  re¬ 
checked  between  measurement  of  each  velocity  point.  The 
DGV  measurements  of  velocity,  calculated  form  the 
averaged  pixel  intensity  in  the  normalised  image,  are  plotted 
against  independent  Pitot  tube  velocity  measurements  in 
figure  7,  for  one  such  experiment.  The  two  sets  of  symbols 
correspond  to  two  different  series  of  measurements  and  the 
solid  line  shows  the  expected  velocity  as  given  by  the  Pitot 
tube  measurements.  A  fit  to  the  DGV  results  gives  a  gradient 
which  differs  from  the  expected  gradient  of  1  by  about  7%. 
This  could  be  due  to  a  slight  deviation  from  90°  of  the  angle 
between  the  illumination  and  viewing  directions.  The  90° 
configuration  is  particularly  sensitive  to  angular  errors,  such 
that  an  error  of  just  1°  in  the  viewing  angle  can  introduce  a 
velocity  error  of  2%,  and  an  angular  error  of  5°  can  introduce 
a  velocity  error  of  9%.  In  future  experiments,  the  90° 
viewing  angle  could  be  more  carefully  set  up  using 
reflections  of  the  beam  from  a  right-angled  prism,  provided 
that  there  is  sufficient  access  to  the  beam  at  the  intersection 
of  the  viewing  and  illumination  directions.  Another  solution 
would  be  to  mount  the  iUumination  and  viewing  equipment 
on  a  large-scale  angular  positioning  system. 
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Figure  7;  Graph  of  tunnel  velocity  measured  using  DGV 
plotted  against  velocity  calculated  from  Pitot 
tube  measurements. 

The  standard  error  for  the  velocity  measurements 
shown  in  figure  7  is  2.5  ms',  under  these  relatively 
favourable  conditions  of  unidirectional  flow,  strong  seeding 
and  little  or  no  velocity  gradient  within  the  image.  The  S/N 
deteriorates  towards  the  top  and  bottom  edges  of  the 
normalised  images,  where  the  seeding  is  less  concentrated 
and  the  full  dynamic  range  of  the  cameras  is  not  available. 

These  results  were  obtained  under  reasonably  stable 
ambient  temperature  conditions  (variation  of  less  than  3  K 
during  the  course  of  the  measurements),  and  the  laser 
frequency  drifted  by  a  velocity-equivalent  of  no  more  than 
50  ms  '  during  the  measurements.  The  drift  was  corrected  for 
using  the  zero-velocity  calibration  checks  between  each 


measurement.  With  the  test-house  doors  open,  the  laser 
frequency  can  change  by  several  hundred  MHz  within  half  an 
hour  or  so,  and  very  frequent  calibration  checks  at  zero  velocity 
must  be  made  if  meaningful  results  are  to  be  obtained.  Mode 
hops  can  also  occur  under  these  conditions. 

A  prototype  additional  feedback  stabilisation  circuit, 
designed  to  lock  the  laser  to  a  point  on  the  iodine  cell 
absorption  line,  has  been  successfully  tested  in  the  laboratory 
(figure  8).  Without  the  circuit,  the  laser  remained  close  to  the 
switch-on  frequency  after  warm-up,  and  drifted  slightly  during 
the  day  as  the  laboratory  temperature  changed  by  about  2  K. 
With  the  stabilisation  circuit  on,  the  laser  can  be  brought  to  an 
appropriate  frequency  for  DGV,  at  about  the  50%  absorption 
level,  and  remains  at  this  frequency,  to  within  1%  absorption 
variation,  despite  similar  drifts  in  ambient  temperature.  The 
circuit  is  currently  being  packaged  appropriately  to  allow  its 
use  with  the  portable  DGV  head  in  field  testing. 


Detector  reading  /  V 


Figure  8;  Transmission  of  laser  through  iodine  cell  with  and 
without  stabilisation  feedback  circuit  in  operation. 


8.  CONCLUSIONS  AND  FUTURE  WORK 

In  the  current  programme,  all  the  major  instrumentation 
issues  important  to  the  optimisation  of  velocity  resolution  in  a 
DGV  system  have  been  investigated.  A  velocity  resolution  of 
2.5  ms  '  has  been  achieved  in  a  relatively  straightforward  flow 
with  low  spatial  velocity  gradients.  This  is  currently  limited  by 
the  poor  signal-to-noise  ratio  of  the  cameras,  and  would  be 
expected  to  improve  immediately  by  a  factor  of  at  least  four  if 
better  cameras  were  substituted  which  gave  true  8-bit 
performance. 

A  more  stringent  test  of  the  system  requires  large  velocity 
gradients  to  be  present  within  the  image  region.  Improved 
pixel-to-pixel  matching  will  certainly  be  necessary  to  allow  our 
system  to  operate  satisfactorily  under  these  conditions.  At 
present,  pixel  matching  is  achieved  to  better  than  the  pixel 
dimension,  but  further  experiments  are  needed  to  determine 
more  accurately  and  to  improve  upon  the  degree  of  pixel 
matching.  A  short  series  of  experiments  is  plarmed  in  the 
current  programme  to  make  preliminary  measurements  on 
more  difficult  flows,  including  shocks. 
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ABSTRACT 

The  Doppler  Global  Velocimetry  (DGV)  is  a  non  intrusive 
optical  technique  yeldine  to  a  vizualization  of  the  flow  and  to  the 
whole  instantaneous  associated  velocity  field.  In  the  plane  of  a 
laser  sheet,  the  Doppler  shift  of  the  light  scattered  by  the  moving 
particles  seeding  the  fiowfield.  is  detected  through  an  iodine 
frequency  discriminator. 

The  improvement  of  this  method  consists  m  using  a  narrow 
bandwidth  tunable  dye  laser.  The  purpose  of  this  study  is  to 
characterize  the  enhancement  in  the  DGV  method  induced  by  such  a 
dye  laser. 

NOMENCLATURE 

Bv,  rotational  energy  of  the  J  level  for  the  v  vibrational  level 

c,  light  velocity 

E(v),  vibrational  energy 

FGH(J),  hyporfine  structure  coefficient 

fj(T),  Boltzmann  fraction  at  temperature  T 

fp  rotational  fraction 
fy,  vibrational  fraction 

h,  Boltzmann  constant 

i ,  unity  vector  in  the  laser  direction 

J,  rotational  level 

Jppt ,  optimal  rotational  level 

k,  Boltzmann  constant 

m,  molecular  mass  of  the  species. 

6 ,  unity  vector  in  the  observation  direction 

P,  pressure 
T,  temperature 
u,  velocity  component 

v”,  vibrational  level  of  the  fundamental  X  state 
V,  velocity 
Avp,  Doppler  shift 
V.  laser  frequency 


1.  INTRODUCTION 

Sophisticated  calculation  methods  which  may  be  used  to  study 
complex  vortices  have  to  be  validated  against  refined 
experimental  measurements  including  accurate  local  velocities.  In 
the  same  way,  advances  in  aerodynamics  in  military  aircraft 
performances  require  a  better  experimental  knowledge  of  complex 
three-dimensionnal  vortical  flows  occuring  especially  at  high 
angles  of  attack.  The  study  of  vortical  flows  are  also  of  interest 
for  civilian  applications  such  as  lift  induced  drag  reduction  for 
cruise  flight  or  vortex  wake  attenuation  in  take-off  or  landing 
configuration. 

For  many  years,  aerodynamic  measurements  have  been 
obtained  from  intrusive  probes  such  as  hot  wires  or 
anemoclinometers.  These  conveniionnal  techniques  are  very  easy 
to  use,  but  their  main  disadvantages  lie  in  the  perturbations  they 
induce  to  the  local  velocity  field. 

Various  non  intrusive  techniques  have  been  developed  to 
qualify  the  Hows  [1].  These  techniques  are  based  on  the  physical 
properties  of  the  fluid  in  motion  or  on  a  well-defined  seeded  flow. 
Usual  non  intrusive  measurements  are  well  suited  for  very  small 
probe  volume  typically  a  few  10'^  mm^. 

Non  intrusive  optical  techniques  include  interferential  laser 
velocimetry  and  two-focus  laser  velocimetry  [2].  They  give  access 
to  the  velocity  measurement  at  one  point  and  are  not  convenient 
for  very  unsteady  flows  because  they  require  a  finite  averaging  or 
integration  time. 

In  the  investigated  range  of  vortical  flows,  the  Doppler 
Global  Velocimetry  is  of  interest  because  this  non-intrusive 
method  yields  a  whole  instantaneous  velocity  field  in  a  short  time, 
which  is  compatible  with  an  unsteady  flow.  Developments  of  this 
method  are  compatible  with  tests  performed  on  an  airplane  model 
in  motion  or  with  static  tests  in  wind  tunnel. 

2.  DOPPLER  GLOBAL  VELOCIMETRY 

2.1.  Principlss  of  Doppler  Global  Velocimetry 
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Early  DGV  experiments  started  in  the  U.S.A.  in  1992  and  have 
been  described  by  J.  F.  Meyers  el  al  [3,  4],  They  rely  on  Doppler 
shift  measurements  of  light  scattered  by  a  seeded  flow  illuminated 
by  a  laser  sheet.  The  previous  works  used  an  Argon  ion  laser 
operating  at  514.5  nm,  in  axial  single  mode,  which  fortuitously 
is  tuned  on  the  unresolved  P13-R15  (43-0)  absorption  line  of 
molecular  iodine.  A  camera  records  the  images  of  the  particles 
seeding  the  flow  when  illuminated  by  a  laser  sheet.  Particles 
moving  at  velocity  V,  may  be  considered  successively  as  receptors 
in  motion  then  as  moving  sources.  Thus  the  scattered  light  is  at  a 
frequency  v  +  Av,  where  v  is  the  frequency  of  the  illuminating 
laser  and  Av  is  the  Doppler  shift  given  by  : 


c 

The  velocity  measurements  are  simultaneously  taken  at  any 
point  in  the  observation  field.  Then  viewed  through  an  iodine  cell, 
any  Doppler  shift  is  readily  translated  into  an  absorption 
variation.  The  entire  image  of  the  laser  light  sheet  recorded 
through  the  iodine  cell  is  numerically  digitalized.  This  method 
gives  access  to  a  velocity  map  of  the  seeded  flow  at  a  speed 
depending  only  on  the  recording  device. 

2.2.  Experimental  Set  Up 

A  typical  experimental  D.G.V.  set  up  has  shown  in  figure  1 
involves  five  parts  ; 

-  the  flow  and  the  seeding  system  ; 

-  illuminated  slice  of  the  flow  by  a  laser  at  the  wavenumber  Vg 
tuned  to  an  iodine  absorption  line  ; 

-  a  frequency  discriminator  built  from  an  iodine  cell  with 
parallel  windows  located  in  front  of  a  camera  ; 

-  a  recent  improvement  in  the  optical  design  suggested  by 
Chan  el  al  [5]  and  Thorpe  el  al  [6]  allows  the  use  of  only  one 
camera  which  records  two  images  of  the  same  object  :  the  first  one 
is  the  reference  image  while  the  second  is  discriminated  through 
the  iodine  cell  ; 

-  a  computer  for  the  numerical  handling  of  the  data. 


The  ratio  between  the  two  images  gives  access  to  the  local 
velocity  measurement  with  a  significant  reduction  of  the  noises 
induced  by  the  inhomogeneous  seeding  of  the  flow  tmd  intensity 
variations  of  both  the  laser  light  and  the  scattered  light. 

3.  ADVANTAGES  OF  A  CW  DYE  LASER  IN  DGV 

In  the  previous  works,  no  flexibility  is  allowed  by  the  narrow 
tunability  range  (<  10  GHz)  of  the  laser  line  ;  nor  the  absorption 
conditions  neither  the  line  profile  can  be  chosen.  The  strong 
temperature  dependance  of  the  P13-R15  (43-0)  absorption  lines 
requires  the  thermal  calibration  of  the  iodine  cell  to  be  very 
carefully  monitered  at  better  than  0. 1  K.  On  the  contrary  a  narrow 
bandwidth  500  KHz  CW  dye  laser  line  can  be  tuned  from  500nm  to 
700  nm  allowing  a  great  flexibility  to  select  any  well  resolved 
iodine  line.  At  il  will  be  discussed  later,  this  characteristic  will 
overcome  the  rigidity  of  the  use  of  a  fixed-frequency  laser. 

3.1.  Laser  Emission 

The  best  monochromatic  light  is  achieved  with  a 
longitudinal  single  mode  laser.  Such  a  laser  line  is  about  lO'^  more 
narrow  than  the  iodine  line.The  laser  emission  yielded  by  a  dye 
laser  is  tunable  and  can  be  turned  single  mode.  The  active  part  is  an 
organic  dye  which  absorbs  the  light  of  a  pump  argon-ion  laser  and 
can  emit  on  a  large  wavelength  range,  typically  50  nm.  The  dye  is 
selected  to  fulfil  the  expected  spectral  range  where  the  laser  can  be 
continuously  tuned  with  a  Lyot  filter.  The  most  commonly  used 
dyes  are  rhodamines  110  and  6  G.  Yield  of  these  dyes  is  about  20% 
of  the  argon  pump  laserin  a  single  mode  operation. 

In  order  to  optimize  the  tunability  and  the  single  mode 
operation,  active  frequency  stabilization  is  achieved  through 
piezo-electric  mounted  mirrors.  Under  these  conditions  a  500  kHz 
wide  line  can  be  obtained. 

A  commercial  ring  dye  laser,  COHERENT  899-29  pumped  by  a 
COHERENT  INNOVA  100  Argon-ion  laser  is  driven  by  an 
AUTOSCAN  device  which  determines  the  exact  wavelength  tmd 
allows  continuous  scans  on  several  nanometers  and  records  the 
experimental  data. 


fig.1  Experimental  D.G.V.  set  up 
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One  of  the  criierious  requested  by  DGV  is  the  accurate 
determination  of  the  laser  frequency  Vq  and  the  reproductibility  of 
the  location  of  the  laser  line  in  the  selected  absorption  iodine 
profile.  The  internal  frequency  device  of  the  COHERENT 
autoscan  provides  the  signals  of  two  Fabry-Perot  ctalons 
which  can  be  recorded  simultaneously  with  the  iodine  absorption 
line  Relative  positions  of  the  three  signals  are  quite  independant 
of  the  experimental  conditions,  as  a  consequence  a  confident 
assigment  of  the  laser  frequency  can  be  achieved  with  a  great 
accuracy  at  least  equal  to  those  given  in  reference  [7], 

3.2.  Selection  of  an  Iodine  Absorption  Line 


A  strong  absorption  associated  to  a  linear  Doppler  profile  on 
1  to  3  GHz  is  generally  required,  the  profile  of  the  line  must  match 
the  studied  speed  range.  For  velocity  range  between  150  m/s  to 
450  m/s.  The  magnitude  of  the  Doppler  shift  for  usual  observation 
angles  is  about  0.3  GHz.  For  low  velocities  less  than  50  m/s,  an 
iodine  absorption  lines  exhibiting  a  sharp  slope  Doppler  profile 
should  be  chosen.  For  iodine  molecules,  the  number  of  hyperfine 
components  15  or  21  allows  such  a  choice.  To  minimize  the 
temperature  dependance  and  to  make  easy  the  thermal  stabilisation 
of  the  iodine  cell,  it  is  necessary  to  study  the  Boltzmann  fraction. 
The  population  fraction  of  the  molecules  in  the  absorbing  level 
(v,  J)  can  be  described  by  the  product  of  the  fraction  fy  of 
molecules  in  the  fundamental  vibrational  level  v”=  0  and 
rotational  fraction  f,  in  the  rotational  level  J’; 


U  .h.c.  J  .(J  -i-l) 
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The  possibility  to  minimize  the  temperature  dependance  of  the 
Boltzmann  fraction  is  based  on  the  appropriate  choice  of  the 
fundamental  rotational  level  J”,  which  is  provided  by  an  analysis 
of  the  partial  derivative  of  the  rotational  fraction  fr  versus  T.  The 

optimal  rotational  level  can  be  expressed  as  . 


Jo™=  0,83 


T 

'\  B.fcm') 


The  evolution  of  the  Boltzmann  fraction  for  several 
rovibrational  absorbing  levels  (v”=0.  J”)  versus  temperature  is 
well  known  [8,  9].  The  choice  of  the  optimal  rotational  level  J”  is 
very  important  first  to  minimize  temperature  effects  in  the 
Boltzmann  fraction,  secondly  for  the  level  of  the  total  population 
at  a  given  temperature  which  is  directly  proportionnal  to  the 
intensity  of  the  fiuorescence  signal.  According  to  the  previous 
considerations,  the  tunability  of  the  laser  makes  possible  to  select 
a  rovibrationnal  iodine  line  which  is  almost  insensitive  to  the 
temperature  fluctuation  inside  the  absorption  cell.  For  this 
purpose  we  selected  the  rotational  quantum  number  J”  close  from 
70.  For  a  temperature  of  the  iodine  cell  equal  to  340K.  the  operable 
temperature  range  is  plus  or  minus  5K. 


3.3.  Iodine  Cell 


After  being  evacuated  a  6  cm-diametcr  and  3cm-thick  cell  is 
filled  at  the  vapor  pressure  corresponding  to  a  temperature  of  328K 


and  is  then  sealed.  The  equilibrium  pressure  between  solid  and 
gaseous  Iodine  is  monitored  by  temperature  following  Dewar 
law[ll]  : 


log(P(mmHg))  =  10,0392-(3137/T) 

The  cell  is  set  in  a  thermalized  water  bath  at  a  temperature  of 
340K.  This  allows  to  prevent  the  iodine  deposit,  and  keep 
constant  the  pressure  and  as  a  consequence  the  absorption  profile 
of  the  lines. 

3.4.  Light  Absorption  of  Iodine 

The  main  electronic  transition  of  I2  molecule  occurs  between 
the  ground  X  state  and  the  excited  B  state  which  are  separated  by 
about  1  6000cm- 1.  Between  these  two  state 
numerous  ro- vibrational  transitions  are  observed  inducing  a  large 
number  of  lines  in  the  spectral  range  14000  to  20000  cm-^ . 

For  pressures  in  the  iodine  cell,  less  than  1500  Pa,  the  main 
broadening  is  due  to  Doppler  broadening  which  originates  from 
the  thermal  motion  of  molecules.  This  Doppler  width  measured  at 
half  height  of  the  line  is  ; 


Another  kind  of  broadening  arises  from  the  hyperfine  structure 
(HFS)  of  I2  which  originates  from  the  coupling  between  the 
rotational  and  the  nuclear  angular  momenta.  As  previously 
mentioned,  each  rotational  level  with  even  quantum  number  is 
split  into  15  HFS  components  while  an  odd  rotational  level 
includes  21  HFS  sub-levels.  HFS  leads  to  an  inhomogeneous 
broadening  of  the  lines.  Both  Doppler  and  HFS  effects  induce  a 
non  symmetrical  and  erratic  profile  of  the  lines.  As  a 
consequence,  the  choice  of  an  Iodine  line  for  the  D.G.V  will  be  of 
importance.  This  gives  a  definite  interest  to  the  frequency 
tunability  of  the  single  mode  dye  laser. 

4.  D.G.V.  MEASUREMENTS 

Experimental  studies  have  been  performed  with  a  spinning 
disc  of  8  cm  in  diameter,  the  speed  of  which  can  be  adjusted  from 
5000  and  30000  rpm  and  is  controlled  by  a  tachymeter. 

The  spinning  disc  is  illuminated  by  a  parallel  light  beam 
arising  from  a  scattering  light  originated  from  the  focus  point  of  a 
10  cm-diameter  lens.  Great  care  has  been  taken  in  order  to  obtain  a 
uniform  density  of  the  light  on  the  horizontal  diameter  of  the 
spinning  disc.  The  recent  improvement  suggested  by  Chan  et  a! 
[5]  has  been  used  in  this  experiment. 

4.1  .Absorption  Calibration  Versus  Laser  Frequency 

First  of  all,  it  is  necessary  to  calibrate  the  absorption  curve  of 
iodine  versus  laser  frequency.  The  selected  P  71  (22-0)  line  is 
frequency-scanned  by  the  laser.  A  set  of  images  is  recorded  and 
dicitalized  in  order  to  determine  the  absorption  level  as  a  function 
of  the  laser  frequency  on  the  spinning  disc  ,  where  the  Doppler 
shift  is  equal  to  zero.  As  observed  in  figure  2,  it  is  possible  to 
assign  an  accurate  frequency  to  an  absorption  level  ranging  from 
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4.2.  Velocity  Determination  at  Stationary  Laser  Frequency 


7%  to  80%.  From  the  calibration  it  is  possible  to  determine  a 
frequency  from  the  experimental  absorption  level. 


Fig.2  Variation  of  absorption  versus  frequency 


The  laser  frequency  is  now  tuned  at  a  level  of  absorption  close 
to  40%  of  the  selected  side  of  the  P  71  (22-0)  line.  The  variation  of 
absorbed  intensity  is  determined  by  digitalization  on  the  vertical 
diameter  of  the  spinning  disc  (figure  3)  for  various  speeds  of  the 
disc. 

The  experimental  set  up  allows  an  easy  comparison  between 
the  two  images,  respectively  the  reference  and  Absorption  Line 
Filter  signals.  A  superposition  pixel  to  pixel  of  the  two  images  is 
necessary.  This  is  achieved  with  the  help  of  three  fixed  enlighted 
points  and  geometrical  considerations.  The  mathematical 
processing,  following  a  vertical  mirror  symetry,  includes  a 
translational,  rotational  and  homothetical  transformations.  After 
these  operations,  the  two  images  are  perfectly  identical  in  size  and 
position.  The  signal  to  noise  ratio  is  enhanced  when  dividing  the 
ALF  signal  by  the  reference  one.  This  allows  to  cancel  the 
inhomogeneities  due  to  the  scattered  light  and  the  disc 
reflectivity. 

For  each  intensity  the  calibration  curve  (figure  2)  allows  the 
assigment  of  a  Doppler  shift  which  can  be  linked  to  a  given 
velocity  and  compared  to  that  given  by  the  tachymeter.  The 
agreement  is  good  for  the  vertical  diameter  of  the  spinning  disc 
i.e.  for  velocity  included  in  the  range  -130  m/s  to  130  m/s  (figure 
4).  On  this  figure,  are  reported  the  experimental  data  collected 
from  pictures  performed  at  different  speeds  between  4150  to  27500 
RPM.  The  linear  velocities  have  been  measured  on  the  edge  of  the 
disc. 


Reference  A.L.F.  Ratio 


Fig.  3  Evolution  of  absorption  on  a  vertical  diameter 
of  a  spinning  disc 
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Fig  4  Comparison  of  velocities  determined  by  dgv 
and  tachometry 

5.  CONCLUSION  AND  PROSPECTS 

DGV  is  a  technique  which  is  of  interest  in  fluid  mechanics  and 
more  particularly  for  the  measurement  of  the  field  of  an 
aerodynamic  flow. 

The  first  description  of  the  method  in  1992.  referred  to  the  use 
of  a  single  mode  argon-ion  laser  which  fortuitously  fits  the  P13  et 
R15  (43-0)  absorption  lines  of  molecular  iodine.  The 
improvement  described  in  this  paper  is  based  on  the  use  of  a  single 
mode  dye  laser  which  generates  a  narrow  width  line.  The  most 
important  feature  is  the  tuning  ability  which  makes  it  possible  to 
select  an  iodine  line  which  satisfies  the  following  needs  :  a  well- 
resolved  shape,  a  linear  side  profile,  whose  slope  depends  on  the 
HFS  distribution  which  contributes  to  the  sensitivity  and  the 
selection  of  the  vibrational  and  rotational  quantum  numbers. 
These  in  turn  are  of  importance  for  absorption  intensity  and 
temperature  dependence.  The  easy  tunability  of  the  laser  allows  the 
calibration  of  absorption  and  consequently  permits  a 
straightforward  conversion  from  the  absorption  measurements  to 
the  velocity  determination.  We  expect  this  technique  to  be  usable 
in  a  wide  velocity  range  (10  m/s  to  1500  m/s).  The  versatility  of 
the  dye  laser  gives  the  opportunity  to  use  different  molecules  as  a 
discriminating  frequency  filter.  Bromine  could  be  a  good  candidate 
for  such  an  application.  Bromine  molecules  include  less  HFS 
components  than  iodine,  that  leads  to  a  more  narrow  profile  which 
can  be  expected  to  increase  the  sensitivity. 
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ABSTRACT 

Detailed  temperature  measurement  of  the 
condensed  phase  is  important  for  the  study  of 
flame  spread  over  liquid  fuels.  The  measurement 
requires  high  spatial  resolution  near  the  interface 
between  the  liquid  and  gas,  where  a  steep 
temperature  gradient  is  formed  that  controls  the 
heat-transfer  interaction  between  the  two  phases. 
Conventional  thermocouple  techniques  have 
limitations  on  the  accuracy  of  measurement  in 
this  sensitive  location  because  the  presence  of  the 
thermocouple  bead  significantly  distorts  the 
surface  motion  that  is  due  to  the  thermocapillary 
effect,  this  disturbance  in  the  region  alters  the 
original  temperature  structure  near  the  interface. 
To  avoid  such  interference,  we  developed  a 
holographic  interferometer  (HI)  technique  that  is 
non-intrusive  and  is  capable  of  detecting  nearly 
simultaneously  a  sudden  and  minute  temperature 
change  occurring  over  a  distributed  area.  The 
thermo-optical  coefficients  of  liquids  are  two 
orders  of  magnitude  higher  than  those  of  gases. 
Therefore,  if  an  interferogram  is  obtained 
simultaneously  for  the  interface  region  between  a 
gas  and  a  liquid,  the  gas-phase  hologram  would 
be  two  orders  of  magnitude  less  sensitive  than  the 
liquid-phase  hologram.  We  avoided  this  by 
employing  a  dual  wave-length  hologram  To 
enhance  the  sensitivity  in  the  gas  phase. 

In  addition  to  these  HI  measurements,  we 
developed  a  laser-sheet  particle-track  flow 
visualization  system  (LSPT)  combined  with  a 
high  resolution  video  camera.  We  applied  it  to 
the  measurement  of  transient  velocity  profiles  in 
the  liquids  by  seeding  the  liquids  with  small 
particles  to  visualize  their  convection  patterns. 
All  these  measurements  were  conducted 
simultaneously  in  order  to  obtain  detailed 
velocity  and  temperature  profiles  in  the  liquid 
and  to  accurately  determine  the  location  of  the 
flame  leading  edge.  Using  these  simultaneous 
measurements,  we  are  able  to  study  the 


mechanism  of  pulsating  flame  spread  over  liquid 
fuels,  a  phenomenon  that  is  currently  not  well 
understood. 

Major  findings  from  this  study  include:  (1) 
The  HI  technique  was  proven  to  be  a  very 
effective  tool  for  nearly  simultaneously  obtaining 
a  detailed  and  temporal  temperature  map  over  a 
distributed  area  about  the  fuel-gas  interface  for 
studying  both  flame  spread  and  pool-fire 
phenomena.  (2)  The  liquid  motion  ahead  and 
underneath  the  flame  was  visualized  by  the  LSPT 
technique  and  temperature  profiles  in  that  area 
were  measured  by  HI  with  a  visible  flame 
location. 

These  results  support  our  earlier  interpretation 
that  the  principal  mechanism  of  the  pulsating 
flame  spread  is  by  liquid  convection,  driven  by 
both  surface  tension  and  buoyancy.  We  also 
found  another  flow  circulation  beneath  the  sub¬ 
surface  convection.  It  flows  close  to  the  surface 
of  the  liquid  fuel,  going  from  upstream  to 
downstream.  The  return  path  has  not  yet  been 
determined.  The  existence  of  this  flow  can 
explain  previously  observed  experimental  results 
shows  that  spread-rate  changes  with  decreasing 
depth  of  the  fuel  layer. 


1.  INTRODUCTION 

The  study  of  flame  ignition  and  spread 
across  liquid-fuel  pools  is  a  problem  of  interest 
both  for  purely  scientific  reasons  and  for  its 
relevance  to  many  practical  fire  safety  situations 
according  to  Ross  (1994).  Experimental  studies 
were  performed  to  understand  the  mechanism  of 
flame  spread  over  alcohol  and  the  factors 
influencing  this  mechanism  and  the  flame  speed. 
Four  distinct  regimes  of  flame  spread  were 
observed  over  a  rang  of  temperature  about  the 
flash  point.  These  are: 

(a)  Pseudo-uniform,  sub-flash,  T,iq,id«  Tn,*. 

(b)  Pulsating,  sub-flash  «  "^liquid  ^ 
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(c)  Unifonn,  near-flash,  Tn^. 

(d)  Unifonn,  super  flash,  T„^. 

The  pioneering  studies  of  the  flame  spread 
over  liquids  were  published  by  Kinbara  (1930 
through  1942)  in  Japan,  He  identified  the 
dependence  of  flame  spread  on  the  initial  fuel 
temperature . 

During  the  period  1955-1980  extensive 
experimental  studies  were  conducted  in  England, 
USA,  and  Japan  to  determine  the  controlling 
mechanism  of  flame  spread. 

The  study  of  flame  spread  over  liquids  and 
liquid-pool  fires  requires  detailed  temperature 
measurement  with  precise  resolution  near  the 
interface  between  liquid  and  gas.  These 
measurements  were  commonly  conducted  in  the 
past  by  the  use  of  thermocouples  for  repetitive 
tests,  e.g.  Glassman  and  Dryer  (1980).  Because 
of  the  invasive  nature  of  this  kind  of 
measurement,  optical  techniques  are  presently 
taking  its  place.  Hirano  et  al.  (1980)  measured  the 
induced  air  velocity  above  a  methanol  surface 
using  high  speed  schlieren  photography  and  their 
unique  hot  gas  trace  device,  and  varying  the 

initial  liquid  temperature  between  -5  and  30  °C. 
Miller  and  Ross  (1994)  at  NASA  used  rainbow 
schlieren  deflectometry  (RSD)  which  had  not 
been  applied  previously  to  flame  spread  over 
liquid  fuel  pools.  RSD  basically  depends  on  the 
gradient  of  refractive  index.  Ito  et  al.  (1989-1994) 
applied  HI  for  the  measurement  of  the 
temperature  distribution  in  the  liquid  phase 
during  flame  spread  over  liquid  fuel.  In  this 
technique  both  the  objective  beam  and  the 
comparison  beam  travel  across  the  same 
objective  space.  Therefore,  high  optical  quality  of 
the  setup  is  not  required.  HI  analysis  is  based  on 
refractive  index  change  in  the  sample  caused  by 
temperature  variation. 

Research  in  the  period  1955-1980  showed 
that  there  was  a  liquid-phase  convection  prior  to 
ignition  and  during  flame  spread  at  pool 
temperatures  below  the  flash  point.  Ito  et  al. 
(1991)  conducted  an  experimental  study  to  gain 
understanding  of  the  uniform  regime  near  the 
flash  point  temperature.  If  heat  were  transferred 
to  the  liquid  ahead  of  the  flame  leading  edge 
from  either  the  gas  phase  or  liquid  phase,  a 
temperature  gradient  would  have  to  exist  in  the 
liquid  phase  which  would  generate  subsurface 
liquid  convection.  This  liquid-phase  convection  is 
driven  by  thermocapillary  (surface  tension)  and 
buoyancy  forces  and  to  a  much  lesser  degree  by 
thermal  expansion.  Buoyancy  effects  might  be 
small.  However,  both  buoyancy  and 
therraocapillary  forces  are  inherently  coupled. 
Ross  (19S4). 


We  conducted  this  study  by  using  an  HI 
technique  connected  to  photographic  or  video 
recording  systems  that  can  instantaneously  detect 
sudden  and  minute  temperature  changes 
occurring  in  a  distributed  area.  The  conventional 
thermocouple  point  by  point  measurement 
technique  is  incapable  of  satisfying  these 
requirements  because  of  the  effect  of  the  wire 
disturbance  on  the  flow  and  the  limited  spatial 
resolution  of  the  thermocouple. 


2.  HOLOGRAPHIC  INTERFEROMETRY 
(HI)  EXPERIMENT 

Temperature  in  flames  is  often  measured  by  a 
thermocouple,  but  insertion  of  the  thermocouple 
alters  the  conditions  of  the  experiment  and  the 
spatial  resolution  of  transient  temperature 
measurements  is  generally  limited  by  the  actual 
number  of  thermocouples  that  can  be  installed. 
Conversely,  optical  methods  have  a  unique 
advantage:  they  do  not  disturb  the  temperature 
field,  and  because  there  is  no  inertial  error  in  this 
method,  rapidly  changing  processes  can  be 
accurately  recorded. 

The  most  common  optical  methods  used  in 
the  past  were  Mach-Zender  and  Michelson 
interferometry  as  well  as  various  Schlieren  and 
shadowgraph  methods.  In  1949  Gabor  invented  a 
new  optical  recording  technique,  called 
holography  that  allows  the  recording  and 
reconstruction  not  only  of  the  amplitude  but  also 
of  the  phase  distribution  of  wave  fronts. 

In  HI  both  the  object  and  comparison  waves 
travel  across  the  same  objective  space.  Therefore, 
high  optical  quality  of  the  setup  is  not  required. 
The  requirement  for  this  technique  is  only 
transparency  of  the  medium  and  availability  of 
data  on  the  thermooptic  coefficient  of  the 
material  with  temperature. 

There  are  few  studies  that  report  the 
application  of  HI  to  measure  temperature 
distributions  in  the  liquid  phase.  Walter  and 
Mayinger  (1974)  and  Chen  and  Mayinger  (1984) 
measured  the  temperature  distribution  around  a 
single  bubble  in  water.  Olsuji  (1981)  used  the 
method  to  visualize  forced  convection  boiling. 
Kashiwagi  et  al.  (1985)  measured  the 
concentration  distribution  in  an  aqueous  solution. 
Ito  et  al.  (1989  and  1991)  started  to  apply  the  HI 
technique  for  measuring  the  transient  temperature 
distribution  of  liquid  fuel  under  spreading  flame 
conditions.  Ito  et  al.  (1993)  also  reported  a  series 
of  HI  measurements  in  order  to  improve 
understanding  of  the  mechanism  of  pulsating 
flame  spread  over  n-propanol. 
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Fig.  1  shows  an  optical  setup  for  the 
holographic  interferometry  used  in  this  study 
The  tray  is  30  cm  long,  2  cm  deep,  and  has  three 
different  widths  (0.5,1,  2  cm).  The  two  long 
sides  of  the  tray  were  made  of  Pyrex  of  0.15  cm 
thickness.  Since  1 -Propanol  was  used  by  NASA’s 
microgravity  experiment  and  by  Ito  (1989  and 
1991  ),  this  will  provide  a  good  data  -  base  for 
comparison.  A  20  mw  He-Ne  laser  (632.8  nm) 
was  used  as  light  source  and  real  time  HI  was 
used  to  obtain  the  temperature  profile  in  the 
liquid  phase. 

The  reference  condition  interferogram  for 
each  exposure  was  photographed  with  1/125  s 
exposure  time,  while  the  interferogram  for  the 
spreading  flame  was  recorded  with  a  video 
camera  or  a  regular  still  photo  camera.  The 
temperature  of  the  liquid  phase  was  measured  by 
a  copper-constantan  thermocouple  and  the 
spatial  resolution  for  the  interferogram  was 
determined  to  be  30  ^.m. 


(b) 


Fig.  1(a)  Schematic  diagram  of  the  optical  setup 
and  (bX  test  section. 


3.  FRINGE  INTERPRETATION 


coefficients  at  a  wave  length  of  632.8  nm  at  25 
°C  and  temperature  range  2-80  ’’C  respectively. 

Table  1  Thermooptic  coefficient  (-  dn/dT  °C  ^) 


of  water  and 

iquid  fuel  at  wave  length  632.8  nm. 

Liquid  fuel 

Hauf  & 

Grigull  1870, 

25®C 

A.  Ito  et  al.  1991 
(^80)  ®C 

Water 

Methanol 

Ethanol 

Iso  propanol 
n-Propanol 

0.985x10^ 

4.0x10^ 

4.0x10"* 

4.15x10"* 

(3.6b0.256T)xl0'-^ 

(3.7+0.0105r)xl0"* 

(3.8+0.0106T)xl0"* 

(3.8+0.0137Dxl0"* 

Assuming  that  the  liquid  is  initially  at  a 
uniform  temperature,  and  the  variation  of  tem¬ 
perature  along  the  y  direction  (laser  direction)  is 
negligible  so  the  change  of  refractive  index  is 
only  in  the  z  direction,  the  relation  between 
temperature  and  fringe  number  can  be  given  by 


Where  Atj)  is  the  optical  path  length  and 
equal  to  NX,  X  is  the  wave  length  of  the  laser 
(632.8  for  He-Ne),  n  is  the  refractive  index  of  the 

medium,  N=l,2,3,4, 5 etc.  for  bright  fringes,  and 

N=0.5,1.5,2.53.5....etc.  for  dark  fringes. 

The  first  integral  drig/dT  in  equation  1,  is  the 
change  of  the  optical  path  length  due  to  the 
different  refractive  index  of  glass  plate.  This  has 
a  magnitude  of  less  than  2%,  if  the  thickness  of 
the  glass  plate  is  one  order  of  magnitude  smaller 
than  the  width  of  the  tray.  The  second  integral 
^/dT  is  the  change  of  the  optical  path  length 
due  to  the  different  refractive  index  of  the  liquid 
fuel. 

L 

The  integration  J* dz  =L  is  the  length  in  z 
direction.  Then  equation  1  can  be  written  as 


NX-  I  #<IT 


I 


dT 


..(2) 


Fringe  analysis  is  dependent  on  the 
availability  of  the  thermooptic  coefficient  for  the 
liquid.  For  alcohol  fuel  the  magnitude  of  the 
thermooptic  coefficient  is  4-6  times  that  of  water. 
Table  1  shows  results  reported  by  Hauf  and 
Grigull,  and  Ito  et  al.  for  the  thermooptic 


By  entering  the  order  of  the  fringe,  N,  from 
the  photograph  into  equation  2  and  knowing 
dn,/dT  for  the  liquid  used  in  the  experiment  from 
Table  1,  the  temperature  distribution  (isothermal 
lines)  can  be  calculated  as  shown  in  fig.  2  and  3. 
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4.  PARTICLE  TRACK  LASER  SHEET 

We  developed  a  laser-sheet  particle-track 
flow-visualization  by  using  a  25  mw  He-Ne  laser 
source  with  wave  length  of  632.8  nm.  The  laser 
sheet  with  a  1  mm  thickness  and  10  cm  length 
was  formed  by  using  two  cylindrical  lenses.  The 
sheet  passed  through  the  surface  of  the  liquid  at 
the  centerline.  The  results  were  recorded 
simultaneously  with  the  HI  technique  by  using  a 
video  camera  aimed  perpendicularly  at  the  light 
sheet  to  receive  the  deflected  light  from  the  HI 
plate  and  the  scattered  light  from  the  particles  at 
the  same  time. 

Aluminum  particles,  20-70  pm  in  diameter 
were  mixed  with  the  propanol  in  a  50  mg  per  250 
ml  mixing  ratio.  This  was  good  enough  to  scatter 
the  light  and  allow  the  visualization  of  the  liquid 
movement  in  the  tray. 

To  analyze  the  data  qualitatively,  a  regular 
video  camera  and  a  multi  frame  (4  frame/ sec) 
photo  camera  were  used  to  record  the  particle 
motion  in  the  liquid. 


5.  RESULTS  AND  DISCUSSION 

Simultaneous  measurement  of  temperature  of 
both  phases  and  the  velocity  of  the  liquid  was 
used  to  investigate  and  better  understand  the 
flame-spread  phenomenon.  It  was  thought 
previously,  based  on  the  temperature 
measurement  only,  that  there  are  two  vortices  in 
the  liquid  phase  ahead  of  the  flame.  Whereas  by 
combining  the  temperature  and  the  velocity 
measurements,  it  was  found  that  the  isothermal 
line  cannot  be  used  as  a  stream  line  in  the  liquid 
phase.  So  we  introduced  a  technique  that 
combined  both  temperature  HI  and  particle 
tracking  flow-visualization  PTV  techniques.  This 
made  it  possible  to  observe  both  the  temperature 
and  velocity  maps  simultaneously  over  a  region 
about  the  fuel-gas  interface. 

Fig.  2  and  3  Show  both  the  simultaneous 
liquid  movement  and  temperature  distribution  in 
the  liquid  phase  under  a  flame  front.  The  liquid 

temperatures  were  14.5  “C  (Pulsating)  and  19.3 
C  (Uniform)  respectively. 

Fig.  4  shows  the  flame  spread  mechanism  in 
the  pulsating  region  where  the  flame  first 
decelerates  to  heat  the  fluid  ahead  of  the  flame 
and  vaporize  it  fig.  4(a).  Because  of  the  coupling 
effect  of  the  surface  tension  and  buoyancy  forces, 
the  hot  liquid  starts  to  move  far  away  from  the 
flame  front  and  then  go  deep  into  the  cool  liquid 
via  the  vortex  motion  as  can  be  seen  clearly  in 
fig.  4(b,  and  c).  At  the  end,  the  fuel-air  mixture 
over  the  liquid  reaches  the  flammability  limit. 


The  flame  then  accelerates  as  a  premixed  flame 
and  consumes  all  the  ready  mixture  over  the 
liquid  surface.  Then  the  flame  has  to  stop  or 
decelerate  again  to  start  another  cycle. 

As  can  be  seen  from  these  results  the 
combined  HI  and  PTV  technique  was  proven  to 
be  a  very  effective  tool  in  obtaining  more  detailed 
temperature  and  velocity  maps  in  ftie  liquid  phase 
ahead  of  the  flame.  Both  the  transient  liquid 
temperature  and  movement  profiles  can  be 
accurately  detected  and  compart  to  the  point  by 
point  thermocouple  measurement,  which  has  a 
limitation  due  to  its  spatial  resolution. 
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Fig.  2  Hologram  and  particle  velocity  for  flame 
spread  over  liquid  propanol  at  a  temperature  of 

14.4  ”C  (Pulsating). 
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Fig.  3  Hologram  and  particle  velocity  for  flame 
spread  over  liquid  prpanol  at  a  temperature  of 

19.3  “C  (Uniform). 


Fig.  4  Hologram  for  flame  spread  over  liquid  at  a 
temperature  of  14.4  ”c  (Pulsating). 

Fig  5  shows  the  mechanism  of  the  flame 
spread  in  the  uniform  region  at  a  liquid 
temperature  19.  3  °C.  The  flame  heats  the  liquid 
ahead  of  it.  Then  the  hot  liquid  starts  to  move 
because  of  both  the  buoyancy  and  surface  tension 
effects  and  then  circulates  in  a  vortex  motion  to 
keep  providing  enough  fuel  vapor  to  the  flame  to 
keep  it  spreading  uniformly. 
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Fig.  5  Hologram  for  flame  spread  over  liquid  at 
temperature  19.3  "c  (Uniform). 
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ABSTRACT 

Spatial  filters  provide  a  method  of  measuring 
velocities  optically.  Application  of  this  method  for 
particle  velocity  measurement  in  two-phase  systems 
with  high  solids  loadings  requires  the  use  of  a  probe 
to  reach  different  positions  inside  the  flow.  After  a 
short  comparison  with  other  methods,  a  new  rea¬ 
lization  of  spatial  filter  velocimeters  is  presented. 
Our  approach  involves  the  use  of  a  CCD  line  sensor 
(CCD  -  charge  coupled  device).  The  circuit  design 
contains  a  new,  all-electronical  way  for  direction 
recognition.  The  principle  of  this  method,  a  phase 
orthogonal  differential  grating,  is  explained.  The 
design  of  the  probe  for  measurements  inside  a  cir¬ 
culating  fluidized  bed  riser  with  a  diameter  of  0.4  m 
is  discussed.  Results  of  measurements  are  presen¬ 
ted,  which  prove  the  usefulness  of  the  spatial  filter 
probe  for  the  desired  application. 

1.  INTRODUCTION 

During  recent  years,  the  use  of  circulating  flui¬ 
dized  bed  technology  has  been  steadily  increasing. 
Such  systems  work  as  chemical  reactors  as  well  as 
combustion  units  in  power  plants,  see  Werther  et  al. 
(1993).  Recently  they  have  become  interesting  for 
the  thermal  treatment  of  waste  and  sewage  sludges. 

Despite  its  broad  application,  there  is  no  ge¬ 
nerally  accepted  mathematical  model  for  the  des¬ 
cription  of  all  parts  of  a  circulating  fluidized  bed 
(CFB).  This  means  that  there  are  many  problems 
with  the  scale-up  and  start-up  of  industrial  systems. 
To  overcome  these  problems,  many  investigators 
have  strived  to  develop  better  models  for  the  de¬ 
scription  of  the  processes  in  a  CFB,  for  instance 
Werther  et  al.  (1992),  Horio  et  al.  (1988)  or  Leck- 
ner  and  Karlsson  (1993). 


For  verification  of  such  models,  the  knowledge 
of  different  parameters  is  necessary.  In  the  turbu¬ 
lent  and  circulating  fluidized  bed,  local  parameters 
are  especially  important,  see  Werther  et  al.  (1993). 
In  addition  to  the  local  solid  volume  concentration, 
the  local  particle  velocity  distribution  is  required 
for  the  calculation  of  the  mass  flux  at  different  lo¬ 
cations  inside  the  fluidized  bed. 

In  recent  years,  various  methods  for  measure¬ 
ments  of  local  particle  velocities  have  been  publis¬ 
hed.  Tracer  methods  are  often  used  to  provide  an 
improved  signal  to  the  measuring  system  for  a  bet¬ 
ter  understanding  of  the  structure  of  the  process, 
see  Fiedler  (1992).  They  give  the  possibility  to  mea¬ 
sure  the  velocity  in  a  direct  way,  but  they  may  be 
disruptive.  This  may  be  acceptable  for  many  basic 
investigations  at  pilot  scale  systems,  but  is  often 
not  suitable  for  use  with  industrial-scale  reactors. 

Optical  systems  do  not  exhibit  this  disadvan¬ 
tage.  They  measure  the  velocity  of  particles  or  par¬ 
ticle  clusters  in  a  direct  way  and  inject  only  light 
into  the  process.  Optical  systems  can  be  divided 
into  time-of-flight  and  spatial  filter  methods.  The 
time-of-flight  methods  are  mainly  used  with  a  cross¬ 
correlation  for  the  determination  of  the  time  for 
the  measured  quantity  to  pass  between  two  sensors. 
One  kind  of  these  methods  is  the  laser  two-focus 
method,  see  Albrecht  et  al.  (1993).  It  is  used  for 
the  measurement  of  very  small  particles  and  high 
velocities.  Another  kind  has  been  succesfully  em¬ 
ployed  by  Werther  et  al.  (1993).  It  works  with  a 
pair  of  optical  fibres.  A  problem  with  the  use  of  cor¬ 
relation  methods  in  systems  with  fluctuating  solid 
velocities  is  the  correct  determination  of  the  length 
of  the  integration  period  of  the  short-time  cross- 
correlation,  because  it  has  a  substantial  influence 
on  the  accuracy  of  the  measurement.  For  higher 
degrees  of  turbulence  in  the  flow,  the  two  detectors 
have  to  be  placed  at  a  short  distance.  This  is  also 
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desirable  because  the  measuring  volume  should  be 
small  for  local  measurements. 

The  second  optical  method  is  the  spatial  fil¬ 
ter.  Lciser-Doppler  anemometry  is  one  application 
of  this  method  that  is  well  known.  However,  this 
technique  is  only  suitable  for  low  solid  concentrati¬ 
ons,  such  as  in  the  upper  freeboard  of  bubbling  flui¬ 
dized  beds,  see  Berkelmann  and  Renz  (1991).  Ano¬ 
ther  class  of  spatial  filtering  techniques  works  with 
incoherent  (white)  light  and  uses  a  reticle  placed  in 
front  of  a  photodetector  or  a  grating-like  structu¬ 
red  detector.  This  is  the  most  modern  technique  of 
active  spatial  filters.  Such  systems  have  the  follo¬ 
wing  advantages:  the  optical  device  is  very  simple, 
the  system  needs  no  adjustment,  and  it  is  robust 
against  variations  of  the  basic  light  level. 

2.  SPATIAL  FILTER  METHOD 
2.1  Principle 

The  basis  of  all  spatial  filter  methods  is  the 
evaluation  of  spatial  light  distributions  by  grating¬ 
like  structures.  The  basic  principle  can  be  seen  in 
Fig.  1.  An  illuminated  or  luminous  moving  object 

(1)  is  projected  onto  a  grating  (3)  by  a  focusing  lens 

(2) .  All  light  passing  through  the  grating  is  collec¬ 
ted  on  a  photo  detector  (5)  by  a  collecting  lens  (4). 
If  the  object  moves,  the  output  of  the  photo  detec¬ 
tor  will  change  with  the  rhythm  in  which  the  image 
of  the  object  falls  onto  the  opaque  and  transpa¬ 
rent  lines  of  the  grating.  If  the  object  moves  faster, 
the  change  will  be  faster,  and  the  frequency  of  the 
output  signal  will  be  higher.  The  equation  for  the 
evaluation  of  the  velocity  v  of  the  moving  object 
from  the  frequency  /  in  the  output  signal  s(t)  is: 


g  -  grating  constant,  distance  between  two  equal 
lines  of  the  grating 
0  -  image  scale 

One  problem  is  the  correct  determination  of 
the  corresponding  frequency  /  in  the  output  signal. 
As  can  be  seen  in  Fig.  1(b),  the  signal  contains 
a  dc  component,  often  called  the  pedestal  compo¬ 
nent.  Because  the  method  measures  not  only  an 
object  which  behaves  as  one  bright  point  in  front 
of  a  dark  background  as  is  shown  as  an  example  in 
Fig.  1  (a)  but  also  on  rough  surfaces  with  stochastic 
brightness  distributions,  the  dc  component  may  be 


up  to  100  times  higher  than  the  ac  component  con¬ 
taining  the  frequency  of  interest  /,  see  Christofori 
(1990).  Because  it  is  desirable  to  establish  a  wide 
measuring  range,  it  may  be  necessary  to  measure 
very  low  frequencies  generated  by  slowly  moving 
objects.  However,  it  is  rather  difficult  to  separate 
the  dc  and  ac  components  by  use  of  a  high-pass 
filter  in  this  case. 

A  very  useful  method  for  solving  this  problem 
is  the  use  of  a  differential  grating.  That  means,  the 
light  is  not  only  blocked  by  opaque  lines  of  the  gra¬ 
ting,  but  is  also  guided  to  a  second  photo  receiver. 
The  signals  of  both  receivers  are  electrically  sub¬ 
tracted  by  an  operational  amplifier.  Because  the  dc 
components  of  both  parts  of  the  grating  are  equal, 
they  complement  each  other  to  zero.  The  output 
contains  only  the  ac  component. 

To  realize  such  a  differential  grating,  several 
arrangements  have  been  investigated  in  the  past. 
One  possibility  is  the  use  of  a  beam  splitter  with 
two  normal  transmission  gratings  and  two  photo 
receivers  behind  it,  see  Aizu  and  Asakura  (1987). 
A  disadvantage  of  this  approach  is  the  relatively 
complicated  optical  system  which  needs  a  lot  of  ad¬ 
justment.  The  same  is  valid  for  a  system  using  a 
lenticular  grating,  see  Ushizaka  et  al.  (1986).  or  a 
prism  grating,  see  Aizu  and  Asakura  (1987). 

Another  way  is  possible  by  use  of  optical  fi¬ 
bres,  see  Hayashi  and  Kitagawa  (1982).  The  ends 
of  optical  fibres  are  arranged  in  one  line.  The  other 
ends  are  separated  into  two  groups  and  bundled 
onto  two  photo  receivers.  If  light  falls  onto  the 
ends  of  the  fibres,  the  arrangement  realizes  the  same 
function  like  a  differential  grating.  Because  the  fi¬ 
bres  accept  light  from  a  wide  angle,  it  is  often  pos¬ 
sible  to  omit  the  focusing  lens.  If  the  object  moves 
very  near  in  front  of  the  ends  of  the  fibres  the  ef¬ 
fect  of  the  spatial  filter  comes  into  operation  and  a 
measurement  is  possible.  In  this  case  the  measuring 
arrangement  is  very  simple  and  it  is  easy  to  design 
a  probe  for  measurements  in  two-phase  flows,  see 
Morikawa  et  al.  (1986). 

Another  possibility  is  the  use  of  a  structured 
receiver,  see  Ogiwara  and  Ukita  (1975).  The  princi¬ 
ple  is  shown  in  Fig.  2.  A  number  of  photo  receivers 
are  arranged  in  one  line  with  equal  distances.  This 
arrangement  combines  the  function  of  the  grating 
with  that  of  the  receiver.  But  an  additional  task 
on  the  electrical  side  is  the  summation  over  the  re¬ 
ceiver  areas  for  both  groups.  The  advantage  of  this 
method  is  the  simplification  of  the  optical  system  in 
comparison  with  the  transmission  grating  system. 
The  photo  receiver  may  be  solar  cells  or  photo  di¬ 
odes.  In  the  case  of  solar  cells,  the  summation  can 
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1  -  illuminated  or  luminous  object,  moving  with  velocity  v  4  -  collecting  lens 

2  -  focusing  lens  ^  ~  photo  receiver 

3  -  grating  with  constant  g  (distance  between  two  equal  lines) 


Figure  1:  Spatial  filter  method,  (a)  Basic  principle,  (b)  Output  signal  s(t) 


be  carried  out  by  simply  switching  all  cells  of  one 
group  together  directly  on  the  chip. 

Another  differential  grating  design  involves 
the  use  of  a  CCD  line  sensor.  The  advantage 
over  the  above  mentioned  solar  cell  array  is  that 
such  CCD-chips  are  commercially  available,  be¬ 
cause  they  are  widely  used  in  fax  devices  and  scan¬ 
ners.  Several  well  known  possibilities  exist  to  carry 
out  the  summation.  Either  integration  amplifiers 
are  used  or  the  digitized  output  of  the  CCD  is  pro¬ 
cessed  by  the  computer,  see  Yamasaki  et  al.  (1988). 

The  new  approach  is  to  use  a  special  clock  re¬ 
gime  for  the  CCD-chip.  This  possibility  was  intro¬ 
duced  by  Schulz  and  Fiedler  (1985)  and  is  used  for 
measurements  of  particle  velocities  for  the  first  time 
in  the  present  work.  The  special  clock  regime  invol¬ 
ves  that  the  summation  is  carried  out  in  the  sliding 
register  of  the  CCD  itself.  This  means  less  expense 
for  the  signal  processing  and  allows  the  measure¬ 
ment  of  higher  velocities. 

An  additional  advantage  of  the  use  of  a  CCD 
line  sensor  is  the  high  accuracy  of  the  grating  con¬ 
stant  g.  As  may  be  seen  from  equation  1,  the  gra¬ 
ting  constant  has  direct  influence  on  the  determi¬ 
nation  of  the  velocity  v.  Any  error  in  the  deter¬ 
mination  of  the  grating  constant  is  also  found  in 
the  velocity.  While  CCD  sensors  are  built  with  mi¬ 
croelectronic  processes,  the  production  of  the  fibre 


Figure  2;  Spatial  filter  using  a  structured  receiver 


optic  spatial  filters,  for  example,  has  to  be  done  ma¬ 
nually.  It  is  rather  impossible  to  ensure  the  same 
accuracy  in  the  latter  case. 

Irrespective  of  which  system  acts  as  the  spatial 
filter,  one  common  task  is  to  determine  the  correct 
frequency  from  the  output  signal.  Mainly  two  me¬ 
thods  have  been  used:  fourier  analysis  and  period 
measurement.  Especially  in  case  of  measuring  in 
turbulently  flowing  media,  the  period  measurement 
has  the  advantage  that  it  can  separate  objects  with 
different  velocities  by  using  a  plausibility  check. 

2.2  Direction  Recognition 

The  demand  of  a  simultaneous  detection  of 
velocity  and  direction  arised  because  in  nearly  all 
parts  of  circulating  fluidized  beds  there  are  chan¬ 
ges  of  the  basic  direction  of  particle  motion.  While 
measuring  velocity  and  length  of  moving  solid  or  li¬ 
quid  surfaces  with  the  spatial  filter  camera,  the  de¬ 
tection  of  direction  is  of  minor  importance  because 
the  basic  direction  is  usually  known.  In  contrast 
the  direction  recognition  is  indispensable  in  order  to 
determine  particle  velocity  distributions  as  a  profile 
over  the  cross-section  of  a  circulating  fluidized  bed. 
In  nearly  all  areas  of  CFB  risers  particles  are  mo¬ 
ving  up  and  down  with  rapid  changes  in  sign  and 
magnitude  of  velocity.  Thus  the  determinations  of 
particle  velocity  and  direction  must  be  performed 
simultaneously. 

Common  suggestions  to  the  recognition  of  di¬ 
rection  are  based  on  carrier  modulation  methods. 
The  modulation  of  the  filter  output  signal  is  achie¬ 
ved  by  moving  the  grating.  When  this  signal  is  com¬ 
pared  to  the  carrier  frequency  a  statement  about 
the  directon  can  be  made.  This  has  been  reali¬ 
zed  by  e.g.  a  rotating  prism  grating,  see  Arzt  and 
Ringelhan  (1978).  Another  possibility  would  be  an 
oscillating  structured  receiver  stimulated  by  piezo- 
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Figure  3:  Structure  of  phase  orthogonal  differential 
gratings 

electric  effects.  Both  cases  require  high  mechanical 
efforts  to  achieve  exact  synchronism,  as  instability 
would  influence  the  measurement  result. 

A  new  all-electronical  way  of  detecting  the 
sense  of  direction  by  CCD  spatial  filters  could  avoid 
these  problems.  A  method  using  phase  shift  evalua¬ 
tion  between  the  elements  of  the  grating  is  explai¬ 
ned  as  follows: 

Differential  gratings,  which  can  be  considered 
as  two  single  gratings  180°  out  of  phase,  do  not  al¬ 
low  to  detect  the  sense  of  direction.  When  the  ele¬ 
ments  of  the  grating  are  split  up  into  three  groups 
as  it  is  known  from  electrical  three-phase  systems 
a  phcise  displacement  of  ±120°  allows  to  detect  the 
sense  of  direction  whereas  common  mode  rejection 
is  impossible. 

A  new  structure  is  the  arrangement  of  two  dif¬ 
ferential  gratings  that  are  grouped  in  quadrature, 
see  Richter  et  al.  (1994).  The  phase  displacement  of 
the  output  signals  of  both  gratings  is  ±90°  depen¬ 
ding  on  the  moving  sense  of  the  particles.  Figure  3 
shows  the  structure  of  this  arrangement.  Even  and 
odd  pixels  are  combined  separately  to  two  differen¬ 
tial  gratings.  The  direction  information  is  obtained 
in  a  phase  detector  whereas  the  velocity  can  be  ob¬ 
tained  from  one  of  the  differential  gratings. 

In  Fig.  4  the  phase  displacement  of  90°  bet¬ 
ween  the  two  differential  grating  outputs  can  be 
seen  clearly. 

2.3  Circuit  Design 

Figure  5  shows  the  block  circuit  diagram  of  the 
realized  spatial  filter  sensor  VLM  200.  It  consists 
of  two  parts.  First  there  is  a  module  carrying  the 
CCD  line  sensor  and  its  direct  control  devices.  This 
module  is  directly  combined  with  the  focusing  lens 
and  the  tube  probe  described  later  on.  The  second 
part,  called  sensor  electronic  device,  is  operated  se¬ 
parately.  It  contains  the  clock  generator  (5)  for 
delivering  different  clock  regimes  to  the  CCD  line 
sensor  (3),  suitable  drivers  (4),  a  differential  ampli¬ 


fier  (6)  for  compensation  of  the  clock  signal  CS  in 
the  output  signal  OS,  sampled  hold  devices  (7)  for 
recording  the  signals  of  the  four  channels  of  the  two 
differential  gratings,  operational  amplifiers  (8)  for 
producing  the  differential  signals,  low-pass  filters 
(9)  to  form  the  output  signals,  a  period  measure¬ 
ment  device  determining  the  frequency  of  interest 
/  in  the  spatial  filter  output  signal  by  zero  cros¬ 
sing  principle  with  plausibility  check  and  a  phase 
detector  which  delivers  the  direction  information. 
A  controller  supervises  all  parts  of  the  spatial  filter 
sensor  and  establishes  the  connection  to  a  PC  via 
serial  link.  It  also  computes  the  velocity  value  from 
the  measured  frequency  /  and  combines  it  with  the 
direction  information  from  the  phase  detector. 

In  on-line  mode  the  controller  may  preprocess 
the  velocity  data,  for  instance  compute  the  gliding 
mean  value,  and  transmits  it  to  the  PC  for  fur¬ 
ther  use,  for  instance  control  purposes.  In  off-line 
mode  the  controller  stores  all  velocity  values  during 
a  certain  time  together  with  the  direction  informa¬ 
tion  and  the  number  of  periods  in  the  spatial  filter 
output  signal  which  led  to  the  respective  velocity 
value.  Afterwards  these  data  can  be  transfered  to 
the  PC  where  storage  and  further  data  processing 
like  statistical  analysis,  graphical  output  etc.  can 
be  carried  out. 


3.  PROBE  DESIGN 

The  spatial  filter  sensor  itself  is  suitable  for 
velocity  measurements  on  solid  surfaces.  For  mea¬ 
surements  of  local  particle  velocities  in  two  phase 
flows  a  special  probe  is  necessary.  The  design  of  this 
probe  is  influenced  by  the  conditions  given  by  the 
used  experimental  setup.  For  tests  of  our  spatial 
filter  measuring  system  this  was  the  pilot  scale  cir¬ 
culating  fluidized  bed  cold  model  unit  ZWS400  at 
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tube  probe  sensor  electronic  device 


1  —  measuring  object 

2  —  focusing  lens 

3  —  CCD  line  sensor 

4  —  driver 

5  —  clock  generation 
6,8  —  differential  amplifier 

7  —  sample  &  hold  device 
9  —  low  pass  filter 
PS  —  power  supply 


Figure  5:  Block  circuit  diagram  of  the  spatial  filter  sensor  VLM  200 


the  Technical  University  Hamburg-Harburg.  The 
design  of  this  unit  is  shown  in  figure  6.  It  has  a  ri¬ 
ser  inner  diameter  of  400  mm  and  a  total  height  of 
15.6  m.  This  equipment  is  used  for  investigations  of 
the  fluid  dynamics  and  is  operated  at  ambient  tem¬ 
perature.  The  solids  is  quartz  sand  and  air  is  used 
as  fluidizing  medium.  The  riser  is  equiped  with  a 
lot  of  measuring  holes  in  various  heights. 

Summarized,  the  probe  for  measurements  of 
local  particle  velocities  in  circulating  fluidized  beds 


roots  blower 


Figure  6:  Pilot  scale  circulating  fluidized  bed  cold 
model  unit  ZWS  400 


by  use  of  the  CCD  spatial  filter  sensor  had  to  solve 
the  following  problems: 

-  Put  the  measuring  volume  into  various  radial  po¬ 
sitions  of  the  CFB,  that  means  to  guide  light  to 
the  measuring  volume  and  to  give  the  possibility 
to  observe  the  measuring  volume  by  the  CCD 
spatial  filter  sensor. 

-  As  low  as  possible  disturbance  of  the  flow  to  be 
measured . 

-  Stability  against  vibrations  of  the  CFB  unit. 

-  Protection  against  pollution  or  erosion  of  the  op¬ 
tical  window  by  the  solid  in  the  CFB. 

-  Registration  of  particles  with  the  given  size  dis¬ 
tribution. 

Figure  7  and  8  show  the  construction  principle 
of  this  probe.  On  the  left  hand  side  of  Fig.  7  the 
module  of  the  CCD  spatial  filter  sensor  with  the 
CCD  line  sensor  and  the  focusing  lens  can  be  seen. 

The  probe  itself  consists  of  a  tube  made  from 
high  grade  steel,  a  special  prism  made  from  silica  at 
the  tip  and  a  shank,  which  secures  the  connection  to 
the  focusing  lens  and  takes  up  the  connecting  piece 
for  the  light  guide  cables.  The  tube  has  an  outer 
diameter  of  8  mm.  This  dimension  has  been  chosen 
based  on  the  diameter  of  the  available  measuring 
holes  at  the  pilot  scale  CFB  unit  ZWS 400.  This 
is  a  good  compromise  between  the  disturbance  to 
the  flow  and  the  relation  between  the  effective  gra¬ 
ting  constant  and  the  number  of  grating  lines  which 
take  place  in  signal  generation.  The  tube  consists 
of  several  parts.  The  outer  sections  contain  opti¬ 
cal  fibres  which  guide  light  to  the  tip  of  the  probe. 
In  the  front  is  placed  a  special  prism,  which  de¬ 
flects  the  light  into  the  measuring  volume,  see  Fig. 
8.  The  inner  part  of  the  prism  acts  as  an  optical 
window.  Light  scattered  by  particles  in  the  measu¬ 
ring  volume  passes  the  inner  section  of  the  tube  and 
reaches  the  focusing  lens  and  the  CCD  line  sensor. 
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Figure  7:  Probe  for  the  CCD  spatial  filter  sensor:  Principle  of  construction 


v/M/y////////. 


light  _ 

[BSHi 

to  the  CCD-^ — 

light 

Figure  8:  Probe  for  the  CCD  spatial  filter  sensor: 
Probe  tip  in  detail  with  light  path  inside 

4.  MEASURING  RESULTS 

Tests  of  the  developed  measuring  system  con¬ 
sisting  of  the  spatial  filter  sensor  VLM  200  and 
the  tube  probe  have  been  carried  out  to  prove  the 
usefulness  for  the  desired  purpose,  the  measure¬ 
ment  of  local  particle  velocity  distributions  in  cir¬ 
culating  fluidized  beds.  These  measurements  took 
place  at  the  above  mentioned  pilot  scale  CFB  unit 
ZWS400.  The  fluidized  solids  were  quartz  sand 
with  a  particle  size  distribution  between  20  and 
500  pm.  The  mean  diameter  of  the  particles  was 
181pm.  The  fluidized  bed  was  working  with  a  su¬ 
perficial  gas  velocity  u  =  4  m/s  and  a  solids  circula¬ 
tion  rate  Gs  =  15  kg/(m^s).  The  spatial  filter  probe 
was  put  into  the  riser  through  a  measuring  hole  in 
a  height  of  6.43  m  above  the  gas  distributor. 

Figure  9  shows  distributions  of  particle  velo¬ 
cities  at  various  radial  positions.  Position  r  =  0  mm 
means,  the  tip  of  the  probe  and  consequently  the 
measuring  volume  has  been  at  the  middle  axis, 
r  =  185  mm  at  a  distance  of  15  mm  from  the  wall 
and  r=  195  mm  5  mm  from  the  wall.  The  axis  on 
the  left  hand  side  shows  the  scale  of  the  number 
density  go(v)  in  m~^s  and  the  axis  on  the  right 
hand  side  the  scale  of  the  normalized  cumulative 


qo(v)  [m  ^s]  Qo  H 


Figure  9:  Distributions  of  particle  velocities  at  va¬ 
rious  radial  positions  in  the  riser  of  the  ZWS400 
at  the  height  6.43m,  u  =  4m/s,  G5  =  15 kg/(m-s), 
solid:  quartz  sand 


number  density  Qo-  It  can  be  seen,  that  at  the 
middle  axis  all  particles  move  upwards,  but  the  ve¬ 
locity  distribution  is  very  broad  and  symmetrically 
with  a  mean  value  near  the  double  of  the  superficial 
gas  velocity.  In  the  transition  zone  nearly  the  same 
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Figure  10:  Profile  of  temporal  mean  of  local  par¬ 
ticle  velocities  in  the  ZWS400  at  the  height  6.43  m, 
u  =  4m/s,  G5  =  15 kg/(m^s),  solid:  quartz  sand; 
comparison  between  the  results  of  the  spatial  fil¬ 
ter  sensor  and  the  fibre  optical  correlation  sensor 
according  to  Hartge  et  al.  (1989) 


number  of  particles  move  upwards  and  downwards 
and  the  distribution  is  broad  and  unsymmetrically. 
The  mean  value  is  near  zero.  Near  the  wall  most  of 
the  particles  move  downwards  and  the  distribution 
is  narrow. 

The  shown  distributions  base  on  a  number  of 
single  velocity  values  that  differs  between  509  and 
4490.  These  values  have  been  measured  in  2  min  in 
each  case.  That  means,  the  developed  measuring 
system  is  able  to  provide  statistically  reliable  infor¬ 
mation  about  the  flow  in  circulating  fluidized  beds 
in  a  short  time. 

A  comparison  between  the  profiles  of  tempo¬ 
ral  mean  of  local  particle  velocities,  which  has  been 
measured  with  the  spatial  filter  sensor  and  the  fi¬ 
bre  optical  correlation  sensor  according  to  Hartge 
et  al.  (1989)  can  be  seen  in  Fig.  10.  The  radial 
measuring  points  are  marked  at  the  abszissa.  The 
comparison  shows  a  very  good  conformity  of  the 
profiles.  The  remaining  differences  are  explained 
by  the  basic  differences  of  both  measuring  systems. 
While  the  fibre  optical  correlation  sensor  is  prima¬ 
rily  measuring  the  velocity  of  particle  clusters  and 
seldom  of  single  particles,  it  is  at  the  spatial  filter 
vice  versa. 

As  it  was  mentioned  above  the  profile  in  Fig. 
10  shows  the  temporal  mean  of  particle  velocities. 
These  values  result  from  the  single  velocity  values 
by  weighting  them  at  the  computation  of  mean  va¬ 
lue  to  compensate  the  different  probabilities  for  the 
appearance  of  a  special  value.  This  biasing  correc¬ 
tion  is  necessary  at  all  measuring  systems,  which 
get  its  data  according  to  events  and  not  in  a  fixed 
time  raster,  for  instance  also  at  LDA  measurements, 
see  Fiedler  (1992).  Without  this  correction  the  en¬ 


semble  mean  is  calculated,  which  is  higher  than  the 
temporal  mean,  because  higher  velocities  may  be 
measured  more  often  than  lower  ones  in  the  same 
time.  Because  the  fibre  optical  correlation  sensor 
determines  the  temporal  mean  directly  and  this  va¬ 
lue  is  necessary  for  the  determination  of  flow  para¬ 
meters,  the  correction  has  to  be  done  for  the  values 
from  the  spatial  filter  sensor. 

An  additional  parameter  for  the  valence  of  a 
single  measuring  data  is  at  measurements  with  spa¬ 
tial  filters  and  evaluation  with  a  period  measure¬ 
ment  device  the  number  of  periods  pi  in  the  spatial 
filter  output  signal,  which  have  led  to  a  measuring 
value.  This  value  has  been  determined  by  the  pe¬ 
riod  measurement  device  during  measurement  and 
is  part  of  the  output.  The  more  periods  in  one  burst 
fulfil  the  period  condition,  the  more  reliable  is  the 
velocitiy  value  and  the  longer  the  measuring  object 
took  part  in  the  generation  of  the  output  signal. 
Consequently  the  correction  value  is: 


Accordingly  the  temporal  mean  is  determined  by 


Vi 


N 

^  CiVi 

i=l _ 

N 

Jla 

t=l 


N 


y  2i- 


(3) 


5.  CONCLUSIONS 

The  applicability  of  a  spatial  filter  sensor  for 
the  measurement  of  local  particle  velocity  distribu¬ 
tions  in  circulating  fluidized  beds  has  been  investi¬ 
gated.  The  CCD-based  spatial  filter  sensor  deve¬ 
loped  in  the  present  work  could  prove  its  useful¬ 
ness  for  the  desired  purpose,  if  a  special  designed 
tube  probe  was  used.  The  circuit  design  of  the  sen¬ 
sor  contains  a  new,  all-electronical  way  for  direc¬ 
tion  recognition,  called  phase  orthogonal  differen¬ 
tial  grating  method.  Results  of  tests  of  the  CCD- 
based  spatial  filter  probe  have  shown,  that  a  high 
measuring  rate  can  be  achieved,  i.e.  meaningful  ve¬ 
locity  distributions  may  be  collected  in  less  time. 
The  comparison  with  results  obtained  with  another 
measuring  system,  the  fibre  optical  correlation  sen¬ 
sor,  shows  a  good  conformity. 

The  tube  probe  described  in  this  paper,  which 
connects  the  CCD-based  spatial  filter  sensor  with 
the  CFB,  can  only  be  used  at  temperatures  up  to 
70°C  because  of  its  design.  Meanwhile  a  new  probe 


12.1.7. 


has  been  developed,  which  will  allow  measurements 
under  high-temperature  conditions,  see  Labahn  and 
Kumpart  (1995). 
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ABSTRACT 

The  frequency  response  of  solid  spherical  particles 
in  a  oscillating  flow  is  determined.  Drag  laws  taking  into 
account  rarefaction  around  particles  and  inertial  effects  are 
used.  Results  are  compared  to  two  previous  studies.  The 
influence  of  various  flow  and  particles  parameters  is 
studied  in  the  context  of  LDV  measurements.  As  expected, 
large  and  heavy  particles  respond  poorly  to  high  flow 
fluctuation  frequencies.  It  has  been  found  that  in  very  low 
density  flows,  the  particle  size  has  a  lesser  impact  on 
particle  behaviour.  Another  result  found  is  that  only  high 
amplitudes  of  flow  velocity  fluctuations  increase  particle 
response.  On  the  other  hand,  low  amplitudes  do  not 
influence  particle  behaviour. 

1.  INTRODUCTION 

In  Laser  Doppler  Velocimetry  (LDV)  scattering 
particles  are  the  source  of  the  signal.  In  addition,  the  flow 
velocity  is  obtained  by  measuring  the  velocity  of  the 
particle.  In  a  few  measurement  situations,  particles 
naturally  present  in  the  flow  are  sufficient  to  provide  good 
signal  quality.  But,  in  majority  of  the  measurement 
situations  seeding  particles  are  added  to  the  flow  to  get 
better  signal  quality  and  higher  measurement  rates.  Hence, 
the  selection  of  these  seed  particles  is  of  great  importance 
and  need  to  be  done  systematically.  Several  criteria  exist  in 
order  to  select  the  proper  seeding  for  a  given  configuration 
(Menon  and  Lai  (1991)).  One  of  the  most  crucial 
parameters  is  the  particle  size,  but  the  selection  of  the  size 
is  influenced  by  conflicting  requirements.  On  the  one  hand, 
particles  have  to  be  large  enough  to  obtain  a  sufficient 
scattered  light  intensity  which  will  provide  good  signal 
quality  and  high  data  rate.  On  the  other  hand,  particles  have 
to  be  small  enough  to  follow  accurately  the  flow 
fluctuations. 

In  turbulent  flows,  the  use  of  inappropriate  particle 
sizes  can  lead  to  the  cut-off  of  high  frequency  fluctuations 
and  hence  loss  of  information  on  the  turbulent  kinetic 
energy  spectrum.  The  focus  of  this  study  is  to  provide  a 


systematic  approach  to  help  experimentalists  select  suitable 
seed  particles  based  on  fluid  dynamic  considerations. 

Various  studies  have  been  carried  out  on  particle 
transport  in  turbulent  flows,  but  not  necessarily  applied  to 
the  influence  of  particle  behaviour  on  LDV  measurements. 
Among  recent  works,  Kulick  et  al.  (1994)  studied  particle 
respcmse  in  turbulent  flow  by  LDV,  and  modification  of 
flow  turbulence  generated  by  the  presence  of  large  particles 
(around  70  pm  diameter).  LDV  was  here  only  an 
instrument  and  not  a  subject  of  the  study.  Numerical 
simulations  have  been  done  to  study  particle  dispersion  in 
turbulent  flows  (for  example  Machines  and  Bracco  (1992), 
Schaeffer  et  al.  (1993)  and  Wang  and  Squires  (1996)). 
Some  of  them  still  use  the  simple  Stokes  (1851)  drag  law. 
This  last  point  will  be  discussed  later  in  this  paper. 

A  simple  way  to  calculate  the  response  of  particles 
(considered  spherical)  to  high  flow  frequencies  is  to  use  an 
oscillating  one-dimensional  flow.  The  ratio  between 
maximal  velocity  fluctuations  for  particle  and  flow  AuplAu 
is  used  to  estimate  ability  of  the  particle  to  respond  to  flow 
frequencies/. 

A  new  expression  to  solve  the  problem  of  particle 
motion  has  been  developed  earlier  by  one  of  the  authors 
(Tedeschi  et  al.  (1993)).  Cunningham’s  (1910)  expression 
has  been  extended  to  high  velocities  and  high  rarefaction 
flows.  This  expression  can  cover  the  various  flow  regimes. 
Comparison  of  some  of  the  results  using  this  approach  with 
two  other  works,  (Maxwell  and  Seasholtz  (1974)  and  Feller 
and  Meyer  (1975))  is  provided.  A  detailed  parametric  study 
is  conducted  to  examine  the  influence  of  various  parameters 
on  the  response  of  particles. 

2.  THEORETICAL  ANALYSIS 
2.1  Simplified  Flow  Model 

The  aim  of  the  present  paper  is  to  determine 
behaviour  of  particles  present  in  a  fluctuating  flow  and  not 
to  study  directly  the  turbulent  flow.  The  best  approach 
would  have  been  to  make  a  direct  numerical  simulation  of  a 
turbulent  flow,  with  a  particle  cloud  inside.  The  flow 
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around  each  single  particle  would  have  to  be  calculated 
exactly  to  take  into  account  all  interaction  effects  between 
fluid  and  particles.  Such  calculation,  interesting  as  it  might 
be,  does  not  allow  a  systematic  investigation  of  the 
influence  of  various  parameters.  It  would  be  particularly 
useful  to  understand  the  fundamental  physics  of  flow- 
particle  interaction.  But  this  kind  of  calculation  requires  so 
much  computer  time  that  it  is  not  possible  for  a  IDV  user 
to  employ  this  as  a  useful  tool.  On  the  contrary,  if  numerous 
calculations  must  be  done  over  a  wide  range  of  parameters, 
a  simplified  model  has  to  be  employed. 

In  this  study,  we  focus  particularly  on  the  ability  of 
particles  to  respond  to  high  frequencies  of  turbulent  flows. 
The  simplest  model  for  an  oscillatory  (one-dimensional) 
flow  is : 


a  =  «  +  m'  =  M  <1  +  u,,  sin 


2n/, 


(1) 


Re 


(4) 


where  the  Reynolds  number  Re  is  based  on  sphere  diameter 
and  the  relative  velocity  between  fluid  and  particle.  This 
expression,  although  widely  used,  is  only  valid  for  Re  «  1 
and  for  continuum  flow  (where  Knudsen  number,  based  on 
diameter  d,  Kn  «  1).  It  has  been  pointed  out  that  in 
atmospheric  air  conditions,  diameters  below  1  pm  lead  to  a 
rarefied  flow  regime  around  the  particle.  Moreover,  the 
condition  Re  «  1  will  not  be  satisfied  for  relative  velocities 
higher  than  0.5  m/s. 

Many  expressions  for  the  drag  coefficient  take  into 
account  only  one  of  these  phenomena.  In  this  study,  we  will 
use  two  different  laws  valid  over  a  wide  range  of  Reynolds 
and  Knudsen  numbers.  The  first  one  has  been  developed  by 
Carlson  and  Hoglund  (1964) : 


where  u  is  the  mean  fluid  velocity,  u’  represents  the 
oscillating  part  of  velocity  (by  analogy  with  turbulent 
flows),  X  is  the  abscissa  and  Uc  is  a  constant.  Assuming 
Taylor’s  hypothesis  (time  t  corresponds  to  abscissa  x 
through  the  mean  velocity),  it  is  easy  to  calculate  the  mean 
of  the  oscillating  velocity  and  the  turbulence  intensity  / : 
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In  order  to  satisfy  the  mass-conservation  equation, 
the  fluid  density  p  should  not  be  constant  for  an  one¬ 
dimensional  flow.  Nevertheless,  we  will  assume  a  constant 
density  in  this  study,  as  compressibility  only  occurs  in  very 
high  velocity  flows.  Moreover,  particle  behaviour  is  more 
influenced  by  velocity  fluctuations  than  by  density 
fluctuations.  So,  the  density  will  be  considered  as  constant, 
as  well  as  fluid  temperature  T  and  pressure  p.  These  three 
physical  quantities  will  be  connected  by  the  ideal  gas  law. 

2.2  Particle  Drag  Law 

When  studying  particle  motion  in  fluids,  the  most 
important  parameter  is  the  drag  coefficient  Co.  As  the  form 
of  the  particle  is  often  unknown,  it  is  usually  considered  as 
apparently  spherical  (i.e.  the  particle  reacts  as  if  it  were  a 
sphere,  with  a  certain  diameter  of).  Then,  the  drag 
coefficient  is  related  to  the  drag  force  F  exerted  on  the 
sphere  by  the  fluid  by  the  expression  : 


where  Ma  is  the  Mach  number  based  on  relative  velocity. 
The  second  expression  has  been  developed  by  the  first 
author  ((Tedeschi  (1993),  Tedeschi  et  al.  (1993))  in 
extending  Cunningham’s  (1910)  expression  to  high 
velocities  and  high  rarefaction  : 

Cd  =  -^  k  [l  +  0.15  (k  ^(Kn)  C  (6) 


where : 
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and  k  is  the  solution  of  the  equation  : 
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where : 


Numerous  theoretical  or  empirical  expressions  of 
the  drag  coefficient  have  been  developed  since  Stokes 
(1851)  formulated : 
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3.  COMPARISONS  WITH  PREVIOUS  STUDIES 
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This  law,  less  empirical  than  Carlson-Hoglund 
expression,  is  valid  for  the  whole  range  of  Kn  (continuum 
to  highly  rarefied  flow).  Re  <  200  and  Ma  <  1 ,  and  is  thus 
relevant  to  applications  of  LDV. 

The  motion  equation  of  a  particle  will  be  (for 
constant  values  of  flow  parameters  such  as  density, 
pressure,  viscosity) : 


Comparisons  are  made  between  our  calculations 
and  results  obtained  in  two  previous  studies.  Maxwell  and 
Seasholtz  (1974)  studied  velocity  lag  of  solid  particles  in 
oscillating  gases.  They  used  Carlson-Hoglund  expression 
(5)  for  the  drag  coefficient  of  particles.  Feller  and  Meyer 
(1975)  used  a  criterion  based  on  the  solution  of  the 
equation  of  motion  of  a  particle  in  an  oscillating  flow.  By 
using  Stokes  drag  law,  it  is  found  analytically  that : 


_ 1 

^1  +  (27t  /  t:)^ 


(15) 


Mp  -^  =  F(Wp,«)  (14) 

where  Mp  is  the  particle  mass.  The  force  F  depends 
explicitly  on  relative  velocity  through  Mach  and  Reynolds 
numbers,  and  thus  implicitly  on  abscissa  x  and  time  t 
through  the  fluid  velocity  u.  In  an  earlier  study  (Tedeschi  et 
al.  (1992)),  additional  terms  such  as  added  mass  and 
Basset  (1888)  history  term  were  found  to  be  negligible  for 
particle  motion  in  air,  except  for  conditions  of  very  strong 
acceleration  (across  shock  waves,  for  example)  and  ratio 

Pp/p  <  100. 

2.3  Criterion  for  Comparisons 

As  the  sign  of  the  relative  velocity  acts  directly  on 
the  sign  of  particle  acceleration,  particle  velocity  will 
increase  each  time  fluid  velocity  becomes  higher  and 
particle  velocity  will  decrease  each  time  fluid  velocity 
becomes  lower.  Therefore,  the  frequency  of  the  particle 
velocity  will  be  the  same  as  the  fluid  velocity.  The 
difference  with  particle  behaviour  vrill  appear  in  the 
amplitude  of  velocity  variations  and  thus  in  turbulent 
intensities  measured  by  LDV.  With  the  right  choice  of 
particle  size,  fluid  and  particle  amplitudes  will  be  close, 
otherwise  particle  amplitudes  will  be  very  low  compared  to 
the  fluid.  In  real  experimental  measurements,  the  proper 
criterion  would  be  the  ratio  of  turbulence  intensities  of  the 
flow  and  the  particles.  Unfortunately,  this  requires 
knowledge  on  the  fluid  flow  proper,  as  a  Laser  Doppler 
Velocimeter  does  not  measure  the  turbulence  intensity  of 
flow  directly  but  rather  that  of  the  particles.  In  our  case,  we 
replace  the  previous  criterion  with  Aup/Au,  the  ratio  of 
maximum  velocity  fluctuations  of  particle  and  flow.  The 
measurement  of  the  maximum  velocity  fluctuation  of  the 
particle,  Aup,  is  made  when  the  particle  motion  is  stationary 
(after  three  cycles  of  velocity  oscillations).  These  two 
criteria  are  equivalent  for  sinusoidal  velocity  profiles. 

The  parameters  with  the  greatest  influence  are 
frequency/,  maximum  velocity  amplitude  Am,  density  p  for 
the  fluid,  radius  r  and  density  pp  for  the  particles. 


where  x  is  Stokes  time  constant : 
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Pp 
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This  expression  is  only  valid  for  r  S  4  x.  Evidently,  as  it  is 
based  on  Stokes  drag  law  (Re  «  1,  Kn  «  1),  this  expression 
can  only  be  used  in  LDV  applications  in  very  restricted 
cases.  However,  it  is  simple  and  very  convenient  to  use, 
and  allows  the  direct  determination  of  the  ratio  of  the 
amplitude  of  particle  and  flow  velocity  fluctuations. 
Moreover,  the  expression  can  be  inverted  to  obtain,  within 
a  given  error  band,  the  maximum  frequency  response.  If  we 
fix  a  minimum  value  for  the  ratio  Rmm,  we  can  easily  obtain 
the  maximum  frequency  allowed : 
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or  expressed  in  deciBel : 
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For  example,  the  maximum  frequency  within  3  dB  will  be : 

/m^(3dB)  =  ^  (19) 

2  ICX 


A  comparison  is  made  between  results  obtained  in 
those  studies  and  our  calculations,  with  parameters  used  by 
Maxwell  and  Seasholtz,  in  figure  1. 

For  r  =  2  (im  (Kn  =  0.01),  we  have  continuum  flow 
around  particles  and  for  r  =  0.5  |im  (Kn  =  0.04),  we  obtain 
slip  flow  (light  rarefaction).  Results  obtained  by  Maxwell 
and  Seasholtz  and  the  ones  calculated  in  the  present  study 
are  comparable.  Feller  and  Meyer  expression  (15)  tends  to 
under-estimate  the  response  of  particles  at  low  frequencies 
and  to  over-estimate  it  at  high  frequencies. 
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Fig.  1  Comparison  between  ratio  of  maximum  velocity 
amplitude  of  particle  and  flow,  obtained  by  Max- 
well-Seasholtz,  Feller-Meyer  and  Tedeschi-Menon. 
Am  =  15.2  m/s,  p  =  1.22  kg/m^,  Pp  =  1000  kg/m^. 


4.  COMPARISONS  BETWEEN  DIFFERENT  DRAG 
LAWS 

Three  different  drag  laws  are  compared  :  Stokes 
expression  (4)  because  it  is  the  most  well  known  and  often 
used,  Carlson-Hoglund  (5)  and  Tedeschi  (6)  expressions 
because  they  are  valid  in  extended  conditions.  The  aim  of 
this  comparison  is  to  show  clearly  that  in  certain  conditions 


Fig.  2  Comparison  between  ratio  of  maximum  velocity 
amplitude  of  particle  and  flow,  calculated  with 
Stokes,  Tedeschi  and  Carlson-Hoglund  drag  laws, 
for  rarefied  flow  conditions  (Kn  =  0.9).  Am  =  10 
m/s,  r  =  0.25  pm,  p  =  0.12  kg/m^  Pp  =  1000  kg/m^. 


associated  with  LDV  measurements,  Stokes  law  does  not 
predict  sufficiently  accurately  the  cut-off  of  high 
firequencies.  The  two  examples  covered  here  are 
representative  of  experimental  measurement  conditions 
which  can  occur,  although  not  frequently. 

The  first  one  implies  rarefaction  conditions.  If 
particles  of  small  sizes  are  used,  the  flow  around  these 
particles  can  be  rarefied,  even  if  the  flow  itself  (in  a  wind 
tunnel  for  example)  is  a  continuum.  It  is  sufficient  that  the 
diameter  d  is  of  the  same  order  as  the  mean  free  path  A  , 
which  is  the  case  here  (Kn  =  0.9).  It  can  be  seen  in  figure  2 
that  Stokes  expression  indicates  too  high  values  of  Aup/Au 
as  it  does  not  take  rarefaction  effects  into  account,  while 
Tedeschi  and  Carlson-Hoglund  expressions  give  similar 
results. 

The  second  case  presented  implies  high  relative 
Reynolds  numbers,  or  more  exactly  implies  that  the 
condition  Re  «  1  is  not  satisfied.  Here,  the  maximum  value 
(based  on  the  maximum  velocity  amplitude  of  fluid  Am)  of 
Reynolds  number  is  equal  to  25.  TTiis  value  will  not  be 
reached,  but  if  the  particle  lag  is  important,  the  relative 
velocity  will  be  of  great  importance,  as  well  as  the  relative 
Reynolds  number.  Thus,  its  effect  will  be  increased  and 
Stokes  law  will  be  less  valid.  Graphs  in  figure  3  shows  this 
phenomenon.  On  the  contrary,  Carlson-Hoglund  and 
Tedeschi  expressions  give  same  results. 

5.  PARAMETRIC  STUDY 

The  influence  of  the  main  parameters  are  analysed 
in  this  section,  using  equation  (6)  for  the  drag  force  exerted 


Fig.  3  Comparison  between  ratio  of  maximum  velocity 
amplitude  of  particle  and  flow,  calculated  with 
Stokes,  Tedeschi  and  Carlson-Hoglund  drag  laws, 
for  high  relative  Reynolds  number  conditions. 
Am  =  50  m/s,  r  =  2.5  pm,  p  =  1.22  kg/m^  pp  =  1000 
kg/m^. 
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Flow  frequency  /  (kHz) 


Fig.  4  Ratio  of  Tnayimiini  velocity  amplitude  of  particle 

and  flow,  for  normal  flow  density  conditions. 

Au  =  5  m/s,  p  =  1.22  kg/m^,  Pp  =  1050  kg/m^. 

on  particles.  For  each  period  of  particle  velocity  oscillation, 
calculations  have  been  carried  out  for  at  least  100  time 
steps.  For  smallest  particles,  this  number  has  been 
increased  to  avoid  numerical  divergence.  The  ratio  AuplAu 
is  calculated  after  four  cycles,  when  the  particle  motion  is 
fully  stationary. 

5.1  Influence  of  Particle  Size 

The  most  important  parameter  is  of  course  the  size 
of  particles.  Figure  4  presents  results  of  calculations 
corresponding  to  atmospheric  conditions  for  the  flow, 
which  induce  light  rarefaction  around  particles  (0.006  <  Kn 
<  0.09).  As  expected,  large  particles  are  less  able  to 
respond  to  high  frequency  fluctuations.  For  example,  a 
4  |jm  radius  particle  can  respond  to  flow  frequencies  within 
80  %  until  0.5  kHz,  while  a  0.25  pm  radius  particle  can 
correctly  respond  until  75  kHz.  The  particle  density 
employed  for  this  calculation  corresponds  to  latex  particles. 

5.2  Effect  of  Flow  Density 

Figure  5  shows  the  results  of  calculations  similar  to 
those  presented  in  figure  4,  but  for  a  very  low  density  flow 
(p  =  0.012  kg/m^).  Knudsen  numbers  are  between  0.6  and 
9,  which  indicates  a  high  rarefaction.  The  influence  of 
particle  size  is  less  important  here  than  for  a  normal  density 
flow.  For  a  response  of  particles  within  80  %  of  the 
maximum  velocity  amplitude,  the  previous  calculations 
indicated  a  ratio  of  150  between  the  maximal  frequency 
obtained  by  0.25  and  4  pm  radius  particles  (respectively  75 
and  0.5  kHz).  In  a  very  low  density  flow,  this  ratio  falls  to 
30  (fma  =  3.4  and  0.12  kHz  for  r  =  0.25  and  4  pm, 
respectively).  Hence,  although  large  particles  are  not  able 


Flow  frequency/  (KHz) 


Fig.  5  Ratio  of  maximum  velocity  amplitude  of  particle 
and  flow,  for  very  low  flow  density  conditions. 
A«  =  5  m/s,  p  =  0.012  kg/m^,  pp  =  1050  kg/m^. 

to  follow  high  frequency  fluctuations,  the  requirement  of 
using  them  to  obtain  sufficient  scattered  light  could  become 
of  greater  importance  here,  compared  to  the  previous  case. 
This  phenomenon  will  be  increase  in  case  of  high 
rarefaction  around  particles.  Theoretically,  the  acceleration 
exerted  on  a  sphere  by  the  flow  depends  on  the  inverse  of 
the  radius  square  with  Stokes  law  (continuum  flow).  In  a 
highly  rarefied  flow,  this  acceleration  depends  only  on  the 
inverse  of  the  radius.  Figure  6  shows  clearly  that,  for  a 
given  frequency,  when  the  flow  density  p  decreases,  the 


Fig.  6  Ratio  of  maximum  velocity  amplitude  of  particle 
and  flow  as  a  function  of  particle  radius,  for  various 
flow  density  conditions.  Am  =  5  m/s,/=  10  kHz, 

Pp  =  1050  kg/m^. 
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ratio  Aup/Au  is  less  dependant  on  the  particle  radius.  For 
p  =  1.22  kg/m^  the  drop  in  particle  response  becomes 
noticeable  around  r  —  0.5  pm  and  is  steep,  while  for  very 
low  densities  the  gradient  is  less  steep  but  the  decrease 
appears  for  smaller  sizes. 

5.3  Influence  of  Particle  Density 

Results  of  calculations  using  different  particle 
densities  are  presented  on  figure  7.  A  density  pp  equal  to 
250  kg/m^  is  representative  of  microballoons,  while 
Pp  =  1000  kg/m^  corresponds  to  latex  balls  and  Pp  =  4000 
kg/m^  to  titanium  dioxide  (Ti02).  These  kinds  of  particles 
are  calibrated  and,  for  this  reason,  employed  for  LDV 
measurements.  Thomas  and  Butefisch  (1993)  used  titanium 
dioxide  particles  to  measure  flow  velocities  and  rms  values 
across  a  shock  wave.  As  expected,  heavy  particles  are  less 
responsive  to  high  frequency  fluctuations.  For  example,  a 
particle  of  0.5  pm  radius  can  follow  frequencies  within 
80  %  up  to  100  kHz  for  pp  =  250  kg/m^  24  kHz  for 
Pp  =  1(X)0  kg/m^  and  only  6  Idiz  for  pp  =  4000  kg/m^. 

5.4  Influence  of  the  Amplitude  of  Flow  Velocity 
Fluctuations 

It  would  seem  natural  to  assume  that  when  flow 
velocity  fluctuations  increase,  the  particle  is  less  able  to 
follow  them.  However,  the  opposite  phenomenon  occurs. 
When  fluctuation  amplitudes  are  high,  particles  are  more 
sensitive  to  relative  velocity  and  the  drag  force  increases. 
This  can  be  seen  from  the  factor  given  below  (Schiller  and 
Neuman  (1933)) : 

l  +  0.15Re°®®^  (20) 


Flow  frequency  /  (kHz) 

Fig.  7  Ratio  of  maximum  velocity  amplitude  of  particle 
and  flow,  for  various  particle  densities.  Aw  =  5  m/s, 
p  =  1.22  kg/m^,  r  =  0.5  pm. 


Flow  frequency  /  (kHz) 


Fig.  8  Ratio  of  maximum  velocity  amplitude  of  particle 
and  flow,  for  various  maximum  velocity  amplitude 
of  fluid,  p  =  1 .22  kg/m^,  pp  =  1 050  kg/m^,  r  =  1  pm. 

which  is  used  to  multiply  the  drag  force  exerted  on  the 
particle.  Figure  8  shows  that  for  low  fluid  velocity 
fluctuations  (Aw  =  0.5  and  5  m/s)  no  modification  appears 
in  particle  behaviour,  but  for  high  fluid  velocity  fluctuations 
(Aw  =  50  m/s)  particle  velocity  fluctuations  are  higher. 

The  dependence  of  AuplAu  with  the  maximum 
velocity  amplitude  of  fluid  Aw,  for  given  frequencies,  is 
shown  in  figure  9.  It  appears  that  values  of  Awp/Aw  increase 
for  Aw  higher  than  5  m/s.  This  phenomenon  is  less  evident 
for  low  and  high  than  moderate  frequencies.  For/=  2  kHz, 
fluid  and  particle  velocities  are  almost  equal.  For/=  128 
kHz,  the  increase  of  Awp/Aw  occurs  more  slowly  because  the 
flow  frequency  is  too  high  and  particles  move  across  fluc- 


A«  (m/s) 


Fig.  9  Ratio  of  maximum  velocity  amplitude  of  particle  as 
a  function  of  maximum  velocity  amplitude  of  fluid, 
for  various  flow  frequencies,  pp  =  1050  kg/m^ 
p=  1.22  kg/m^  r  =  1  pm. 
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tuadons  without  sensing  them. 

Hence,  it  appears  that  for  low  and  moderate 
velocities,  the  parameter  Au  is  not  important  for  the 
frequency  response  of  particles,  but  it  can  have  an  influence 
for  high  velocities.  TTiis  last  remark  is  made  assuming 
constant  values  for  other  parameters.  It  must  be  noted  that 
supersonic  flows  are  generally  associated  with  low 
densities.  Therefore,  the  increase  in  particle  response  due 
to  high  velocities  will,  in  this  case,  be  counter-balanced  by 
the  decrease  due  to  low  flow  density. 


6.  CONCLUSION 

The  response  of  particles  in  oscillating  flows  has 
been  studied  in  order  to  determine  their  ability  to  respond 
to  high  frequencies.  An  expression  developed  by  the  first 
author  and  valid  in  ranges  of  flow  occurring  for  LDV 
applications  has  been  used.  Results  have  been  compared  to 
results  obtained  in  two  previous  studies.  It  has  been  shown 
that  Stokes  law  used  for  calculation  of  particle  drag  may 
provide  values  that  are  not  valid  for  certain  conditions.  A 
more  detailed  parametric  study  than  previous  ones  taking 
into  account  rarefaction  effects  has  been  earned  out.  It  has 
been  shown  that  the  size  of  particle  has  a  great  influence  on 
particle  response  and  an  example  is  given  for  normal  flow 
conditions.  This  phenomenon  is  reduced  in  the  case  of  low 
density  flows.  Tlie  influence  of  particle  density  has  been 
also  studied.  It  appeared  that  the  amplitude  of  flow  velocity 
fluctuations  has  an  influence  over  5  m/s. 

This  study  can  help  experimentalists  determine  the 
proper  size  of  the  seed  particle  for  use  in  Laser  Doppler 
Velocimetry  or  in  Particle  Image  Velocimetry  (P.LV.) 
measurements  as  a  function  of  flow  conditions  and 
frequencies  expected.  Using  this  information,  proper  choice 
of  seed  particles  that  provide  strong  signal  quality  can  be 
made.  It  can  be  especially  useful  in  difficult  flow  situations 
where  experience  of  using  seed  particles  is  lacking,  or  to 
improve  actual  measurements  by  using  as  large  a  particle  as 
possible. 
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ABSTRACT 

Flow  velocity  measurements  in  a  horizontal  submerged 
two  phase  air- water  jet  flowing  inside  a  Plexiglas  water  tank 
has  been  performed  by  a  two  component  laser  Doppler 
anemometer  and  by  a  measurement  system  based  on  a 
double  fiber  optic  sensor.  Performances  and  limits  for  the 
applicability  of  the  two  measurement  methodologies,  a 
question  not  entirely  settled  yet. 


1.  INTRODUCTION 

Measurement  of  void  fraction  and  bubble  velocity  is  of 
great  interest  in  many  technological  applications;  steam 
generators,  cooling  systems,  transport  of  fluids  with  gaseous 
and  liquid  phases,  air  jets  into  liquids,  etc. 

The  use  of  a  laser  Doppler  anemometer  (LDA)  to 
analyse  the  subject  requires  the  volume  taken  up  by  the 
liquid  fluid  not  to  be  outnumbered  by  that  of  the  gaseous 
phase.  If  so  the  laser  beams  can  hardly  reach  in  a  correct 
way  a  measurement  point  in  the  core  of  the  stream.  On  the 
contrary  a  fiber  optic  probe  with  two  sensing  elements 
inserted  into  the  flow,  as  the  one  experimented,  can  operate 
well  in  the  whole  two  phase  flow  field  if  the  bubbles  are 
many  and  big,  because  only  in  this  case  the  probability  that  a 
bubble  hits  both  the  fiber  tips  is  satisfactory. 

In  this  study  the  two  measurement  techniques  are 
compared  to  evaluate  their  possibility  of  success:  the 
comparison  is  accomplished  in  a  submerged  air- water  jet. 

The  use  of  LDV  techniques  in  two  phase  flow  has  been 
previously  proposed  by  many  authors  [1,  2,  13,  14].  The 
problems  we  met  with  [12]  when  analysing  air  water  jets 
with  a  ratio  close  to  0.5  between  the  air  volume  flow  rate 
and  the  water  volume  flow  rate  are  due  to  a  reduction  of  the 
signal  to  noise  ratio  and  of  the  data  rate  and  data  valid  for 
the  laser  Doppler  anemometer  when  the  measurement 
volume  is  inside  the  flow.  In  this  condition  the  laser  beam 
cannot  penetrate  the  bubble  stream,  the  measurement 
volume  does  not  exist  or  it  is  heavily  distorted  and  so  the 
measurement  technique  caimot  be  applied  [12, 15]. 

A  further  problem  is  represented  by  the  signal  analysis, 
related  both  to  bubbles  and  to  little  solid  particles  suspended 
in  water.  Some  authors  proposed  the  use  of  the  "oversize 
rejection"  parameter  of  the  LDA  systems  in  order  to  reject 
the  larger  bubble  signals.  With  this  option  it  is  theoretically 
possible  to  evaluate  only  liquid  phase  velocity.  Other 
authors  state  that  it  is  possible  to  evaluate  only  bubble 


velocity  by  disabling  the  "oversize  rejection"  parameter  and 
setting  to  a  low  value  the  photodetector  supply  and  the  laser 
power.  In  this  way  in  fact  only  the  grater  bubbles  generate  a 
good  signal  to  noise  ratio  and  can  be  detected  by  the  LDA 
processor.  With  the  above  mentioned  techniques  it  is 
possible  to  measure  the  velocity  of  both  liquid  and  gas 
phases.  In  our  tests,  by  using  those  techniques,  the  same 
bubble  and  water  velocities  have  been  found  in  the  analysed 
flow  sections,  so  it  was  possible  to  consider  a  homogeneous 
model. 


2.  THE  DOUBLE  HBER  OPTIC  PROBE 

A  double  fiber  optic  sensor  for  local  measurements  in  multi¬ 
phase  flows  is  illustrated  in  figure  1. 

For  each  sensing  element  a  light  source  is  coupled  with 
an  optic  fiber  that,  through  a  coupler  and  a  connector,  guides 
the  light  to  the  end  of  the  fiber.  If  its  tip  is  inside  a  bubble  of 
air,  the  light  is  mainly  back  reflected  because  of  the  high 
difference  in  the  refraction  coefficients  between  the  fiber 
and  the  air.  If  the  tip  is  inside  water,  the  light  is  mainly 
transmitted  because  of  the  nearly  equal  refraction 
coefficients.  The  back  reflected  light  is  guided  through  the 
coupler  to  a  photodiode  that  converts  the  intensity  of  the 
received  light  to  an  electric  signal. 

Different  tip  shapes  have  been  proposed  for  single  fiber 
optic  sensors,  in  order  to  increase  sensitivity  (conically 
shaped  fiber  tip),  robustness  (sapphire  tip  coupled  to  the 
fiber  end  face),  and  to  reduce  intrusivlty  (limited  dimensions 
of  the  sensing  element)  [1, 2, 3, 4,  6,  7,  8, 9, 10, 11, 16]. 

A  pulse  with  low  peak  value  can  also  occur  when  a 
bubble  passes  near  the  fiber  tip  due  to  light  reflection  at  the 
bubble-liquid  interface. 

When  a  series  of  bubbles  passes  near  or  on  the  fiber  tip, 
the  electric  signal  consists  in  a  series  of  pulses  (fig.  2).  The 
pulse  width  increases  with  bubble  diameter  and  decreases 
with  bubble  velocity.  Different  techniques  have  been 
proposed  to  calculate,  with  only  one  sensing  element,  the 
local  void  fraction  aj.  The  most  common  method  is  based  on 
the  determination  of  a  single  threshold  level  S  from  which 
the  local  void  fraction  can  be  calculated  as  the  ratio  of  the 
sum  of  the  intervals  Atj  during  which  the  signal  is  above  the 
threshold  level  to  the  total  time  T  of  the  acquisition 

ai  =  (SAtj)/T.  (1) 
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Figure  1.  Components  of  a  double  fiber  optic  sensor  for 
bubble  velocity  measurements  in  multi-phase  flows. 


Time  (ms) 


Figure  2.  Signal  from  each  sensing  element. 

With  two  fiber  optic  sensing  elements,  spaced  by  a  As 
distance,  it  is  possible  to  obtain  an  estimate  of  the  bubble 
velocity.  In  fact  if  tjj  and  t2j  are  the  initial  instants  of  the 
two  pulses  related  to  the  i-th  bubble,  we  can  calculate 
bubble  velocity  with  the  formula: 

vi  =  As/(tii-t2i).  (2) 

In  this  work  data  processing  of  the  two  signals  has  been 
performed  by  using  a  cross-correlation  function  to  obtain  a 
mean  value  of  the  time  shift  (t2-t2)  between  the  two  series 
of  pulses  and  to  obtain  a  mean  value  of  velocity,  during  the 
acquisition  time  of  the  two  series  of  pulses. 


Complex  three  phase  interfacial  phenomena  at  the  probe 
tip,  deformation  of  the  bubble  when  touching  the  sensing 
elements,  deformation  of  the  sensing  elements  when 
invested  by  the  flow,  disturbance  of  the  flow,  require  a 
calibration  of  the  sensor  and  of  the  whole  associated 
measurement  chain  [15],  including  the  data  processing 
methods. 


3.  THE  TEST  SET-UP 

The  experimental  rig  arranged  for  the  tests  is  illustrated 
in  figure  3.  An  air-water  jet  discharges  the  flow  inside  a 
Plexiglas  tank  with  constant  level  and  dimensions  of  0,4  x 
0,4  X  1,5  meters.  Water  flow  rate  in  the  mixing  device  is 
measured  by  an  electromagnetic  flow  meter  and  can  be 
regulated  by  a  valve,  air  flow  is  controlled  with  a  valve  and 
evaluated  by  a  thermal  mass  flow  meter  (TSI). 

The  device  used  for  air  water  mixing  is  a  classical  ejector 
(fig.  4):  the  air  is  inspired  by  the  depression  in  the  suction 
section.  The  device  has  been  designed  in  order  to  generate 
an  annular  jet  flow.  Flow  rates  up  to  60 1/min  of  water  and 
up  to  40 1/min  of  air  have  been  used  for  the  tests. 

The  double  fiber  optic  sensor  is  introduced  in  the  tank 
from  high. 

The  LDA  system  is  composed  by  a  two  component 
backscatter  fiber  optic  probe,  a  4  W  max  Argon-ion  laser 
source,  two  Burst  Spectrum  Analysers.  The  air-water  jet 
area  is  accessible  through  the  transparent  side  walls  of  the 
tank  by  a  probe  front  lens  with  310  mm  focal  length,  that 
produces  a  0.146x2.39  mm  measurement  volume. 


FIBER  OPTIC  SENSOR  air 


air 


Figure  4.  Air  water  mixing  device. 
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4.  PERFORMED  TESTS 

Measurements  have  been  previously  accomplished  in  six 
sections  of  the  two  phase  jet,  along  a  vertical  line,  at 
distances  from  the  outlet  section  of  20, 50, 70, 120, 150  and 
200  mm  (y  co-ordinate).  Water  flow  rate  was  40 1/min  and 
air  flow  rate  was  20  1/min.  On  each  section  profiles 
composed  by  11  to  19  points  with  different  spacing  between 
them  have  been  measured.  By  the  LDA  system  10000  two 
component  velocity  samples  have  been  acquired  for  each 
point.  From  the  double  fiber  optic  sensor,  calibrated  in 
advance  by  following  the  procedure  described  in  [15]  a  data 
file  of  10000  samples  has  been  obtained  for  each  sensing 
element  with  a  sampling  rate  of  50  kHz. 

A  comparison  between  the  axial  component  of  mean 
velocity  measured  by  the  laser  Doppler  anemometer  and  by 
the  fiber  optic  sensor  in  the  section  at  20  mm  is  illustrated  in 
figure  5. 


Velocity  profiles  at  y  =  20  mm 
V  (tn/s) 


—  probe 

—  LDV 

Figure  5.  Comparison  between  LDA  and  double  fiber  optic 
sensor  measurements  in  the  section  at  20  mm  from  the  jet 
outlet. 

It  can  be  observed  the  annular  character  of  the  flow,  as 
previously  stated,  that  confirms  that  the  LDV  takes  data  in 
the  measurement  volume.  It  can  also  be  observed  that  the 
fiber  optic  sensor  overestimates  the  higher  velocity  values. 
Another  comparison  between  the  mean  velocity  values  is 
illustrated  in  figure  6. 

Velocity  profiles  at  y  =  50  mm 


The  annular  character  of  the  flow  cannot  be  observed 
any  longer  while  it  can  be  noticed  again  that  the  fiber  optic 
sensor  overestimates  the  maximum  velocity  values. 

From  both  figures  5  and  6  it  can  also  be  deduced  that  it 
was  not  possible  to  analyse  the  acquisition  of  the  double 
fiber  optic  sensor  signals  taken  to  the  edges  of  the  jet 
because  of  the  low  bubble  concentration.  On  the  contrary  it 
was  possible  in  this  region  to  easily  take  measurements  with 
the  laser  Doppler  anemometer,  since  no  bubble  stream  exists 
through  the  laser  beams  producing  the  measurement  volume. 

Then  a  series  of  tests  has  been  performed  with  the 
double  fiber  optic  sensor  and  the  LDA  system  measuring 
velocity  in  the  same  point  at  different  values  of  water  and  air 
flow  rate.  The  examined  point  is  at  a  distance  of  50  mm 
from  the  jet  outlet  in  the  middle  of  the  bubble  stream. 

The  signals  of  the  double  fiber  optic  sensor  have  been 
acquired  at  a  sampling  rate  of  250  kHz  for  time  intervals 
including  500  samples. 

In  the  same  point  and  at  the  same  time  the  acquisition  of 
5000  two  component  velocity  samples  has  been  performed 
by  the  LDA  system  with  the  oversize  rejection  option 
enabled  and  disabled. 

In  table  1  all  the  examined  experimental  conditions  and 
the  LDA  measurements  of  the  gaseous  and  liquid  phase 
axial  velocity  are  listed. 
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Figure  6.  Comparison  between  LDV  and  double  fiber  optic 
sensor  measurements  in  the  section  at  50  mm  from  the  jet 
outlet. 


Table  1.  Experimental  conditions  and  LDA  results. 

For  each  condition  the  time-lag  between  the  signals 
coming  from  the  two  sensing  elements  of  the  fiber  optic 
probe  has  been  calculated  by  averaging  the  results  of  ten 
cross  correlation  procedures  applied  to  windows  containing 
only  one  peak  in  the  right  sequence. 

Figure  7  shows  the  bubble  velocities  monitored  by  the 
double  fiber  optic  sensor  and  by  the  laser  Doppler 
anemometer  (axial  component  only).  The  data  show  a 
significant  dispersion  in  the  region  of  low  air/water  ratio, 
probably  due  to  the  inaccuracy  of  the  fiber  optic  probe  in  a 
measuring  condition  not  favourable  for  its  operation.  The 
coincidence  of  the  results  improves  at  higher  values  of 
air/water  ratio,  with  two  exceptions  that  may  derive  from  the 
vibrations  induced  by  the  flow,  very  rough  in  those 
situations,  in  the  mounting  rod  of  the  fiber  optic  sensing 
elements. 
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5.  CONCLUSIONS 


The  performed  tests  have  confirmed  that  to  evaluate  the 
characteristics  of  two  phase  flows  produced  by  air/water 
jets,  the  use  of  LDA  systems  is  recommended  for  points 
with  low  void  fraction,  while  double  fiber  optic  probes  work 
well  in  flows  with  high  air/water  ratios. 

In  highly  turbulent  streams  the  inaccuracy  of  fiber  optic 
sensors,  generally  about  10  %  [12,  15],  can  be  increased  by 
the  oscillations  to  which  the  fiber  tips  and  their  mounting 
rod  are  subjected. 


Figure  7.  Comparison  between  LDA  and  double  fiber  optic 
sensor  measurements  at  different  air/water  ratios. 

The  average  overestimate  of  the  velocity  value 
determined  by  the  fiber  probe  reduces  from  low  to  high 
air/water  ratio  (fig.  8). 


Figure  8.  Overestimate  of  the  velocity  value  determined  by 
the  double  fiber  optic  sensor  with  regard  to  the  LDA 
measurement. 

In  figure  9  the  reduction  of  validation  in  the  LDA 
measurements  with  the  increase  of  the  air/water  ratio  is 
illustrated.  The  data  rate,  which  depends  also  from  velocity, 
has  a  more  undefined  behaviour.  In  the  graph  only  the 
higher  values  of  validation  and  data  rate  obtained  for  each 
region  of  air/water  ratio  are  reported.  The  trend  of  the  data 
rate  is  described  by  a  fitting  curve  too. 


o 

15  s 


Figure  9.  Data  rate  and  validation  for  the  LDA 
measurements  at  different  air/water  ratios. 
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ABSTRACT 

A  new  method  is  introduced  for  the  analysis  of  LDA 
and  PDA  optical  setups,  especially  suited  for  larger  particles. 
The  properties  of  an  optical  setup  are  studied,  for  a  specific 
particle  size,  in  an  effective  control  volume  defined  as  the 
Locus  of  the  Centres  of  the  particles  producing  interference 
signals.  The  effect  of  the  particle  size  on  the  size  and 
position  of  such  a  control  volume  are  evaluated  and 
discussed.  The  convenient  description  using  control  volume 
fringes  is  adapted  to  suit  larger  particles  and  used  to  derive 
the  equations  of  LDA  and  PDA  measurements.  The  method 
sets  new  standards  for  the  estimation  of  the  active  control 
volume  as  a  function  of  the  particle  size,  for  dispersed  two 
phase  flows  measurements. 

1.  INTRODUCTION 

The  non  intrusive  character  of  the  Laser  Doppler 
Anemometer  and  the  its  sizing  counterpart  Phase  Doppler 
Anemometer  in  addition  to  their  measuring  performance 
have  established  them  among  the  most  advanced  techniques 
for  fluid  flow  research.  A  great  deal  of  work  has  been  done 
in  the  last  two  decades  and  significant  contributions  have 
advanced  the  physical  understanding  of  the  techniques.  The 
use  of  geometrical  optics  gives  a  very  good  overview  of  the 
technique  and  satisfactory  results  for  most  of  the 
applications.  Furthermore  the  development  of  more  accurate 
tools  based  on  Lorenz-Mie  theory  (LMT)  has  significantly 
improved  our  understanding  and  capability  to  optimise 
demanding  optical  setups. 

In  the  last  years  research  in  dispersed  two  phase  flows 
has  greatly  benefited  from  the  advances  in  the  PDA 
technique.  The  ability  of  PDA  to  measure  simultaneously  the 
velocity  and  size  of  the  dispersed  phase  has  been  extended  to 
concentration  and  particle  flux  measurements  while  new 
capabilities  seem  to  be  on  the  way.  On  the  other  hand  the 
demand  to  understand  the  influence  of  larger  particles  has 
increased  For  this  task  geometrical  optics  is  used  with 
satisfactory  results.  Lorenz-Mie  calculations  are  used  for 
setup  optimization  mainly  for  medium  particle  sizes  since 
large  particles  demand  significant  computational  power. 
Moreover  for  large  particle  most  of  the  scattering 


phenomena  can  be  included  in  geometrical  optics  models.  In 
the  frame  of  geometrical  optics  analysis  the  present  work  is 
aiming  to  improve  our  understanding  of  the  effect  that  larger 
particles  have  on  the  measuring  parameters  of  LDA  and 
PDA. 

It  is  common  practice  measurements  of  the  dispersed 
phase  properties  in  two  phase  flows  to  be  attributed  to  the 
individual  particle  present  in  the  measuring  volume. 
Therefore  it  is  reasonable  to  map  the  measuring  volume  to  a 
corresponding  volume  that  is  defined  by  the  Locus  of  the 
Centres  (LoC)  of  the  sensed  particles.  In  the  present  work 
this  methodology  is  applied  to  LDA  and  PDA  measuring 
volumes  revealing  some  aspects  not  readily  observable  in 
previous  derivations. 

Geometrical  optics  is  used  to  analyze  the  properties  of 
the  Locus  of  Centres  (LoC)  volume  in  flows  with  reflecting 
or  transparent  spherical  particles.  Reflection  and  first  order 
refraction  are  considered. 

In  comparison  with  the  conventional  geometrical  optics 
analysis  the  present  work  incorporates  the  same  level  of 
accuracy  to  a  more  convenient  scheme.  Of  course  it  lacks  the 
accuracy  of  LMT  methods  but  this  drawback  is  not 
considered  important  for  larger  particles  for  which  the 
presented  method  is  more  suitable. 

Throughout  this  work  boldface  letters  are  used  to 
indicate  vectors.  Uppercase  letters,  unless  explicitly 
specified  otherwise,  are  used  for  position  vectors  initiating  at 
point  O,  that  is  the  centre  of  the  co-ordinate  system,  while 
lowercase  letters  stand  for  unit  vectors. 


2.  LOCUS  OF  CENTRE  OF  A  RAY 

2.1.  Reflecting  particles 

Consider  a  Laser  beam  of  parallel  rays  with  direction 
unit  vector  k  and  a  photodetector  (PD)  located  at  point  P 
(figure  1).  A  reflecting  spherical  particle  of  radius  rp  is 
reflecting  only  one  ray  to  the  PD  from  point  X.  The  unit 
vector  in  the  direction  of  X-P  is  m.  The  centre  of  the  particle 
is  located  at  point  Q  at  distance  fp  from  X  on  the  bisection 
of  the  transmitted  and  the  reflected  ray,  that  is  in  direction  n. 
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Q=X+/-^n  (1) 

k  +  m 

n  = -  m 

k  +  m 

The  line  consisting  of  all  points  Q  corresponding  to  all 
points  X  along  the  ray  is  the  ray  Locus  of  Centres  (LoC) 
corresponding  to  this  particle  size. 

2.2.  Refracting  particles 

In  figure  2  refraction  of  a  ray  through  a  sphere  is 
studied.  The  upper  part  of  the  figure  is  referring  to  refraction 
through  a  particle  with  refractive  index  n2  smaller  than  the 
refractive  index  ni  of  the  surrounding  medium  and  the  lower 
part  to  the  inverse  case.  Simple  geometrical  considerations 


P  / 


Figure  2.  Refraction  through  a  sphere 


show  that  the  centre  of  a  sphere  of  radius  rp  refracting  a  ray 
of  unit  vector  k  towards  direction  -m,  is  located  at  the  same 
point  as  the  centre  of  a  sphere  of  radius  ry.  reflecting  the 
same  ray  towards  the  same  path.  The  reflection  takes  place 
either  on  the  convex  (for  ni>n2),  or  on  the  concave  (for 
ni<n2)  surface  of  the  sphere.  If  y  is  the  angle  between 
direction  vectors  m  and  k  then: 


sm 


arctan 


V 


nreiCos(Y/2) 


l-Hrei  sin(y/2) 


2; 


smi 


(t/2) 


(3) 


where  ni-ei=n2/ni. 

Positive  values  of  ry  indicate  reflection  on  a  convex 
surface  and  negative  ones  on  a  concave.  In  this  way  the 
vector  r^n  always  points  from  the  apparent  reflecting  point 
to  the  centre  of  the  sphere.  According  to  this  derivation  the 
LoC  of  rays  refracted  through  spherical  particles  can  be 
obtained  in  the  same  way  as  with  reflected  ones  on  the 
bisection  of  the  incident  and  the  reflected  or  refracted  ray  at 
distances  which  for  given  angles  will  be  proportional  to  the 
particle  size.  In  figure  3  the  evolution  of  r^/rp  is  given  for 
water  droplets  in  air  (0^1=1.334)  and  for  air  bubbles  in 
water  (nj-el=0.75).  For  angles  less  than  97.10  total  reflection 
either  at  the  outer  surface  (nrepO.75)  or  at  the  inner  surface 
(nrel=1.334)  prevents  the  transmission  of  this  kind  of  rays. 
This  limit  corresponds  to  ry=rp  for  nrel<l  and  ry=rp  n^el  for 
nrel>L  This  means  that  the  apparent  reflecting  sphere  is 
larger  for  nj-gpL  or  equal  for  ni-el<l  to  the  real  one  near 
total  reflection  angle.  For  larger  angles  y,  that  is  in  the 
forward  direction,  the  size  of  the  apparent  reflecting  sphere 
is  decreasing  to  zero. 

In  figure  4  the  displacement  of  the  LoC  for  reflected  or 
refracted  rays,  nondimensionalised  with  the  particle  radius, 
is  given  as  a  function  of  the  intersection  angle  y,  on  the  ray- 
receiver  plane.  Co-ordinate  z  is  in  the  direction  of  ray 
propagation  and  y  is  normal  to  it.  The  photodetector  is 
located  in  the  side  of  negative  y.  In  this  co-ordinate  system 
the  displacement  is  calculated  from  the  vectors  r^xi  with 

n  =  sin  (Y/2)y  +  cos(y/2)z  (4) 


where  y,  z  are  the  unit  vectors  in  the  corresponding 
directions. 

For  forward  reflection  (y=180O)  the  LoC  is  at  distance 
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rp  normal  to  the  ray,  indicating  grazing  reflection  on  the 
particle  surface.  For  backward  reflection  (^=0°)  the  ray  is 
reflected  at  normal  incidence  on  the  particle  surface  and  the 
LoC  is  on  the  ray  at  distance  rp  behind  the  reflecting  point. 
For  refraction  the  LoC  is  departing  mostly  from  the  apparent 
reflecting  point  on  the  ray  just  before  total  reflection  limit.  It 
has  to  be  noted  that  since  refraction  for  ni-el>l  is  equivalent 
to  reflection  on  the  concave  surface  of  a  sphere  the  LoC  for 
reflection  and  refraction  depart  from  each  other  for  nj-epl 
especially  near  the  total  reflection  angle.  On  the  contrary  for 
nrei<l  the  LoC  for  reflection  and  refraction  are  almost  the 
same  near  total  reflection  angle. 


3 .  DUAL  BEAM  LDA  SETUP 

A  conventional  dual  beam  LDA  optical  setup  is  shown 
in  figure  5.  Two  laser  beams,  with  half  angle  S/2,  are 
propagating  on  the  zx  plane  towards  positive  z.  Their  waists 
are  centred  at  point  O.  The  photodetector  is  located  at  point 
P  at  an  elevation  angle  v|;  from  the  yz  plane.  The  off  axis 
angle  cp  is  measured  on  this  latter  plane.  The  planar 
configuration  of  the  preceding  section  corresponds  to 
S=H/=0O. 

3.1.  LoC  Control  Volume 

Following  the  same  line  of  reasoning  the  LoC  of  the 
two  beams  can  be  defined.  It  is  obvious  from  figure  4  that 
the  LoC  of  a  beam  is  not  geometrically  similar  to  the  beam 
itself  Assuming  though  that  the  distance  /  from  O  to  P  is 
very  large,  angle  y  will  be  constant  in  the  vicinity  of  the 
beam  intersection.  In  that  case  the  LoC  of  a  beam  section  in 
the  vicinity  of  O  is  geometrically  similar  to  the  beam  section 
itself  and  parallel  displaced  from  it  in  the  direction  n  at 
distance  r^  (in  the  following  we  will  use  r,-  implying  that 
rr/rp=\  for  reflection).  According  to  equation  (2)  and  using 
the  notation  of  the  LDA  setup  the  unit  vectors  ni  and  n2  for 
beams  1  and  2  are: 


sin(9/2)-sinq/^^  cosvj/coscp 


f  "  f 
cos(&/2)-cos\gcoscp 

* 


-sin(S/2)-sinv(;  cosvgcoscp 

"2=  — —7 — y 

cos(S/2)  -  cosq/  coscp 


(5) 


(6) 


where  x,  y,  z  are  the  unit  vectors  in  the  corresponding 
directions  and 


fn,=  V2(l-  sin(9/2)sin\p  -  cos(9/2)cosvj/  coscp)-^  (7) 

f^=  ■v/2(l+  sm(9/2)sinvi;  -  cos(9/2)cosvj;cos(p)/2  (8) 

The  LoC  of  the  two  beams  are  evolving  in  different 
directions  as  the  size  of  the  particle  increases  and  for  large 


particles  they  may  depart  completely  from  each  other.  In  the 
frame  of  the  present  analysis  a  particle  transmits  only  one 
ray  from  each  beam  to  the  PD,  for  every  mode  of 
transmission  (reflection  and  refraction).  In  order  to  have 
interference  from  the  two  beams  at  the  PD,  a  particle  centre 
should  be  in  the  intersection  of  the  LoC  of  the  two  beams. 
Moreover  the  apparent  reflecting  points  should  be  viewed  by 
the  PD. 

The  difference  of  the  four  vectors  and  rr2ja2 

(subscripts  1  and  2  are  referring  to  beam  1  and  2  while  j  is 
used  to  indicate  reflection  and  refraction)  give  the 
information  concerning  the  intersections  of  the  four  LoC  of 
the  beams. 

T)jk=  r^i yDj  —  ~  ^yjky  ^zjk^ 

There  are  four  vectors  (these  are  not  position 
vectors)  which  describe  how  the  beams'  LoC  intersect  with 
each  other.  Usually  we  are  interested  in  intersections  of  the 
same  type  beams'  LoC,  that  is  either  for  reflection  or  for 
refraction.  Discrepancies  though  may  occur  due  to  the 
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phase  difference  of  1800.  Following  van  de  Hulst  (1981) 
and  Bachalo  (1987)  the  optical  path  length  of  a  light  ray 
through  a  sphere  of  diameter  d  relative  to  a  reference  ray 
deflected  at  the  centre  of  the  sphere  can  be  expressed  as 

Im-id  ^ 

'7  =  — j-(sinr-^mreisinr')  (12) 

where  A  is  the  laser  wavelength  in  vacuum,  p=0  for 
reflection  and  p=l  for  refraction,  and  x  and  x'  are  the  angles 
between  the  surface  tangent  and  the  incident  and  refracted 
rays  respectively. 

The  rays  from  each  beam  are  incident  upon  the  sphere 
at  different  angles  and  therefore  reach  the  PD  by  different 
optical  paths.  Neglecting  the  phase  shifts  at  reflection  and 
focal  lines,  the  phase  difference  of  the  two  rays  is, 

S  =  ^^((sinri  -  sinr2)  -  pn„,{sinr,'  -  sinr^))  +  4  (13) 


intersection  of  different  type  of  beams'  LoC,  as  the  Gaussian 
beam  effect  discussed  in  the  next  section. 

Differences  in  y  components  indicate  reduction  of  the 
effective  control  volume  as  the  LoC  for  the  beams  are  no 
longer  on  the  same  plane.  If  the  y  component  of  the 
difference  is  larger  than  the  beam  diameter  no  interference  is 
possible.  Differences  in  the  x  and  z  components  reveal 
changes  of  the  point  of  intersection.  In  figure  6  the  beam 
intersection  point  O  corresponds  to  points  Qi  and  Q2  on  the 
LoC  of  beam  1  and  2  respectively.  The  intersection  of  the 
LoC  of  the  beams  is  at  S,  which  corresponds  to  point  Sj  on 
beam  1  and  S2  on  beam  2.  This  means  that  interference 
signals  will  be  produced  when  a  particle  centre  is  at  S  and 
the  PD  is  viewing  points  Sj  and  S2.  Geometrical 
considerations  show  that: 


Si  = 


A^.  +  A.tan(8/2)r  1  ] 

2  V  ^  tan(9/2))^j 


(10) 


82= 


A;,.  -  A^  tan(8/2)  (  1 

2  V  tan(S/2))*^ 


(11) 


3.2.  Locus  of  "Fringes" 

The  understanding  of  the  LDA  method  is  significantly 
facilitated  with  the  introduction  of  the  control  volume 
fringes  produced  due  to  the  interference  of  the  Laser  beams. 
This  fringes  are  the  result  of  the  arrival  of  the  incident  rays 
of  the  two  beams  at  the  control  volume  points  with  phase 
difference  which  is  varying  in  the  x  direction.  Since  a  point 
scatterer  is  assumed  this  phase  difference  is  sensed  by  the 
PD  which  acts  as  an  optical  integrator.  This  concept  is  not 
suited  for  larger  particles  and  the  corresponding  analysis 
usually  concentrates  at  the  spatial  fringe  pattern  scattered  by 
a  particle  to  the  far  field. 

In  the  LoC  control  volume  approach  we  can  define,  for 
a  specific  particle  size  and  PD  location.  Locus  of  "Fringes" 
(LoF).  When  a  particle  centre  is  in  a  LoF  the  two  reflected 
(or  refracted)  rays  of  the  two  beams  arrive  at  the  PD  with  a 


where  the  subscripts  (except  in  ni)  represent  beam  1  and  2 
and  Sq  is  the  phase  difference  of  the  reference  rays  at  the 
centre  of  the  sphere.  Since  the  angles  x  are  fixed  by  the 
geometry  of  the  setup  the  first  term  in  the  right  hand  side  of 
the  above  equation  will  be  constant  for  a  given  diameter  d. 
The  second  term,  Sq,  is  the  phase  difference  of  the  incident 
beams  responsible  for  the  fringe  pattern  in  the  classical  LDA 
analysis.  This  means  that  the  LoC  fringes  will  have  the  same 
spacing  as  the  normal  fringes,  that  is, 

^  2n,sin(5/2) 

and  they  will  be  displaced  by 

■"  "  Pnrei(sinr,'  -  sinr^))  (15) 

When  a  particle  centre  is  crossing  the  LoC  intersection, 
that  is  the  LoC  control  volume,  normal  to  the  fringes,  the 
photodetector  is  seeing  the  familiar  Doppler  burst. 

3.3.  Effective  Control  Volume 

The  effective  control  volume  for  a  certain  particle  size 
is  the  LoC  control  volume  corresponding  to  the  beam 
sections  viewed  by  the  photodetector.  For  an  optical  setup 
focused  on  the  beam  intersection  centre  the  effective  control 
volume  is  the  intersection  of  the  two  beam'  LoC 
corresponding  to  the  part  of  the  control  volume  viewed  by 
the  PD.  In  figure  7  the  displacement  of  the  LoC  of  the  xy 
cross  section  of  a  control  volume  is  shown  for  reflecting 
particles  of  diameter  0.5  and  1.0  mm  (8=L77O,<|)=80O,  v].f=20 
and  beam  waist  radius  Wo=49|im).  The  effective  control 
volume  for  a  photodetector  focused  to  a  slice  of  the  control 
volume  at  z=0,  would  be  significantly  reduced  for  the  larger 
particles.  The  control  volume  is  decreasing  by  the  volume 
corresponding  to  the  "rectangle"  ABCD  in  figure  7.  An 
estimate  of  this  volume  is  the  product  of  the  absolute  value 
of  the  corresponding  vector  Dyjt  multiplied  with  the  cross 
sectional  area  of  the  control  volume,  cut  by  a  plane  normal 
to  Dy/t  at  midpoint.  As  it  will  be  further  discussed  in  the  last 
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Figure  7.  Displacement  of  the  XY  cross 
section  of  LoC  control  volume  for 
reflecting  spheres  of  dp=0.5  and  1.0  mm. 
(9=1.770,  (p=800,  v[f=20,  Wo=  49nm) 

part  of  this  work,  the  original  size  of  the  control  volume,  for 
this  size  class,  could  be  restored  if  the  photodetector  was 
focused  about  1mm  from  the  beam  intersection  centre  at  the 
expense  of  reduced  effective  control  volume  for  smaller  size 
classes. 


3.4.  PDA 

The  spatial  displacement  of  the  LoC  fringes  is  used  for 
the  evaluation  of  particle  sizes  in  PDA.  A  second 
photodetector  at  a  slightly  different  position  than  the  first  is 
viewing  the  LoC  fringes  displaced  by  a  different  distance 
dx'-  A  cross  section  of  the  two  LoC  control  volumes  and  the 
corresponding  LoC  "fringes"  is  shown  in  figure  8.  The 
spatial  distance  of  the  fringes  results  in  a  phase  difference 
between  the  two  photodetectors  which  is 

=  (16) 

Equation  (15)  for  two  photodetectors  placed 
symmetrically  about  the  yz  plane  at  elevation  angles  ±v, 
leads  to  the  well-known  phase  difference  equations  for 
reflecting  and  refracting  particles  (Bauckhage  1988). 


A(ti  = 


X  ^ 


(17) 


where 

P  =  V^| 


(l  +  sm(9  /  2)sin\)/  -  cos(9  /  2)cosv(;  cos(p)/2 
-  (l  -  sm(S  /  2)sin  \|/  -  cos(9  /  2)  cos  v  cosip)-^ 


(18) 


for  reflection  and 


Figure  8.  Locus  of  "fringes"  for 
LDA  and  PDA 


p  =  2 


I  S  ^ 

1  +  n^gi-  njg,[  1  +  sin -jsin  V|i  +  cos-jcosii;  coscp 


^  Q, 

1  +  njei-  V2  Hfei  1  -  sin-jsinv|/  +  cos— cos\|»  cosqi 


X 


X' 


1/2 


1/21' 


(19) 


for  refraction 

The  LoC  control  volume  for  PDA  measurements  is  the 
intersection  of  the  two  LDA  LoC  control  volumes  viewed  by 
the  two  photodetectors. 

4.  APPLICATIONS  OF  THE  LOC  METHOD 

In  this  part  of  the  work  some  optical  setups  are  briefly 
discussed  using  the  LoC  methodology.  The  diagrams  used 
are  projections  of  the  LoC  of  the  beams  on  the  zx  and  zy 
planes.  Sometimes  two  diagrams  are  used  for  the  zx  plane  to 
allow  for  the  appropriate  resolution.  Three  types  of  line  are 
on  these  diagrams,  as  indicated  in  the  legend  of  figure  9.  The 
light  continuous  line  is  defining  the  boundaries  of  the  laser 
beam.  The  heavy  continuous  or  dashed  lines  correspond  to 
the  boundaries  of  the  beams'  LoC  for  reflection  or  refraction 
respectively. 

4. 1 .  Forward  scatter  LDA  in  water-air  bubble  flow. 

In  figures  9,10,  the  projections  of  the  beams'  LoC  on 
the  zx  and  zy  planes  are  shown  for  a  forward  scatter  LDA 
measuring  in  a  water-air  bubble  flow,  for  bubble  size 
/■p=lmm.  The  optical  setup  is  described  by  the  parameters 
9=11.50>  (p=i|r=0O.  W(,=  50pm.  The  projections  on  the  zy 
plane  indicate  that  the  LoC  of  the  beams  remain  on  the  beam 
plane.  The  intersection  points  though  change  significantly  as 
the  zx  projections  indicate.  For  reflection  the  LoC  of  the 
beams  intersect  at  z=-10  mm  and  the  interference  of  the 
transmitted  rays  is  impossible  due  to  the  separation  of  the 
reflecting  cross  sections  (indicated  by  vertical  line  segments 
on  the  beams).  Refraction  gives  an  effective  LoC  control 
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Laser  Beam 


■ .  LoC  of  Beams  for  Reflection 

“  —  LoC  of  Beams  for  Refraction 


Figure  9.  Projections  of  the  beams'  LoC  on  the  zx  plane 
for  the  forward  scattering  case 

volume  with  maximum  cross  section  at  z=1.5mm,  not 
overlapping  with  the  beam  intersection  control  volume. 
Careful  adjustment  of  the  depth  of  field  with  the  receiving 
aperture  and  focusing  on  the  ordinary  control  volume  can  be 
used  to  eliminate  signals  from  bubbles  with  radius  larger 
than  1mm.  In  this  way  discrimination  of  phases  is  achieved 
and  the  continuous  phase  velocity  field  can  be  measured 


-2  0  z  /(mm)  2 

Figure  10.  Projections  of  the  beams'  LoC  on  the  zx  and 
zy  planes  for  the  forward  scattering  case 


using  small  particles  for  seeding. 

4.2.  Increase  of  the  effective  volume 

The  beams'  LoC  projections  of  figure  11  are  for  1mm 
diameter  bubbles  measurements  with  an  optical  setup 
defined  by  Q=1.77‘5,(j)=80o,  ij/=20  and  wo=49pm.  It  is  the 
same  setup  presented  in  3. 3 (figure  7).  The  zy  diagrams  show 
that  although  the  beams'  LoC  depart  from  the  y=0  plane  they 
remain  all  on  the  same  plane.  The  zx  diagrams  indicate  that 
the  intersection  of  the  beam'  LoC  correspond  to  scattering 
cross  sections  at  z=-0.8mm.  This  means  that  the  original  size 
of  the  maximum  cross  section  area  can  be  restored  for  the 
measurement  if  the  PD  is  focused  at  the  beams  at  z=-0.8mm. 
At  this  point  the  beam  intersection  area  is  smaller  and  thus 
smaller  sized  particles  will  be  measured  with  a  smaller 
effective  control  volume.  In  fact  the  effective  control  volume 
as  a  function  of  particle  size  will  have  its  larger  value  for 
1mm  particles.  The  usual  procedure  of  aligning  the  PD  in 
the  final  stages  for  maximum  data  rate  may  lead  in  similar 
situations  the  focusing  to  the  cross  section  most  suited  to  the 
particles  in  the  flow.  Of  course  the  real  life  procedure  does 
take  into  account  the  higher  scattering  effectiveness  of  large 
particles  which  we  have  left  outside  the  present  analysis. 

4.3.  Gaussian  Beam  Effect 

The  setup  described  by  Grehan  et  al.(1994)  is  analysed 
with  the  LoC  method.  The  setup  used  for  rp=20pm  droplet 
calculations  is  described  by  the  parameters  9=1. 80>  <p=30o, 
v|f=4.10>  wo=  40pm.  The  LoC  of  the  beams  projections 
diagrams  are  presented  in  figure  11.  The  projections  on  the 
zx  plane  show  very  small  changes  in  x  and  z  coordinates  of 
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Figure  11  Projections  of  the  beams'  LoC  on  the  zx  and 
zy  planes  for  case  4.2 
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Figure  12  Projections  of  the  beams'  LoC  on  the  zx  and 
zy  planes  for  the  gaussian  beam  effect  case  (droplets). 


the  LoC.  Significant  changes  are  shown  though  in  the  y 
direction.  The  LoC  control  volume  for  reflection  is  displaced 
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Figure  13  Projections  of  the  beams'  LoC  on  the  zx  and 
zy  planes  for  the  gaussian  beam  effect  case  (bubbles). 


towards  positive  y,  contrary  to  that  for  refraction  which  is 
displaced  towards  negative  y.  This  behaviour  results  in  a 
larger  effective  control  volume  formed  by  the  union  of  the 
refraction  and  reflection  control  volumes.  In  the  intersection 
of  the  reflection  and  refraction  LoC  control  volume  the 
location  of  the  LoF  is  depending  on  the  interference  of  four 
rays  thus  becoming  a  function  of  the  relative  amplitudes  as 
well  as  of  the  phase  differences.  Although  the  reflection  is 
weaker  at  this  angle,  due  to  the  gaussian  distribution  of  the 
intensity  in  the  beams  the  high  intensity  regions  of  the 
reflection  LoC  control  volume  corresponding  to  the  low 
intensity  regions  of  the  refraction  LoC  control  volume  are 
responsible  for  significant  discrepancies  in  phase  difference 
in  this  region. 

In  bubble  flow  the  gaussian  effect  is  not  so  pronounced 
(Grehan  et  al.  1994).  The  setup  used  for  rp=20|im  bubble 
calculations  is  described  by  the  parameters  9=1. 35°’  ^=30°, 
v|/=4.10=  Wo=  40pm.  The  projections  in  figure  12  show  that 
this  is  due  to  the  fact  that  for  nrel<l  the  LoC  of  the  beams 
are  displaced  in  the  same  direction  for  reflection  and 
refraction.  In  this  way  the  relative  magnitude  of  the 
reflection  and  refraction  components  remains  almost 
constant  throughout  the  effective  control  volume  and  the 
phase  difference  is  mainly  due  to  the  interference  of  the 
refracted  rays.  The  gaussian  beam  effect  is  expected  to  be 
significant  though  if  the  two  loci  depart,  that  is  if  the  beam 
waist  radius  is  decreased  or  the  particle  size  increased  as  the 
ratio  r^lrp  for  7=150°  in  figure  3  indicate. 

4.4.  Planar  PDA 

The  planar  PDA  was  suggested  as  a  solution  to  the 
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Figure  14  Projections  of  the  beams'  LoC  on  the  zx  and 
zy  planes  for  the  planar  PDA,  fi^=95pm. 
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Figure  15  Projections  of  the  beams'  LoC  on  the  zx  and 
zy  planes  for  the  planar  PDA,  /^=40pm. 

gaussian  beam  effect  by  Aizu  et  al.l994.  The  optical  setup 
used  is  described  by  the  parameters  S/2=2.04O,  (p=0O, 
V)r=26.310>  Wo=64|am,  and  the  particles  were  droplets  with 
dp=95\im.  As  the  projections  of  the  beam'  LoC  in  figure  14 
show,  the  two  LoC  control  volumes  for  refraction  and 
reflection  are  barely  overlapping  at  the  edge.  The  main  LoC 
control  volume  is  that  of  refraction,  due  to  the  higher 
intensities  of  refraction  at  this  angle.  Adjacent  to  it  is  a 
reflection  LoC  control  volume  responsible  for  the  low 
amplitude  second  burst  appearing  in  the  experiments.  For 
smaller  particles  the  problem  of  gaussian  effect  was  not 
alleviated.  The  projections  shown  in  figure  1 5  for  the  same 
setup  and  (ip=40pm  droplets  suggest  that  the  refraction  and 
reflection  LoC  control  volumes  overlap  significantly.  Due  to 
this  fact  high  intensity  regions  of  the  reflection  LoC  control 
volume  destroy  the  fringe  pattern  of  the  low  intensity  region 
of  the  more  important  refraction  LoC  control  volume. 
Following  the  analysis  of  the  first  part  of  the  present  work  it 
can  be  calculated  that  the  distance  between  LoC  control 
volume  centres  for  y=150O  is  1.8r^.  That  is  for  rp=20pm, 
the  distance  of  the  centres  is  36pm  and  since  the  waist  radius 


is  Wg— 64pm  the  two  LoC  control  volumes  can  not  be 
separated. 

5.  CONCLUSIONS 

The  LoC  method  presented  in  this  work  seems  to  be 
promising  in  the  analysis  and  optimisation  of  LDA  and  PDA 
optical  setups  for  measurements  with  larger  particles.  More 
specifically: 

•  It  gives  a  good  physical  overview  of  the  techniques 
without  being  overcomplicated 

•  It  allows  a  global  quantitative  understanding  of  the 
effects  of  larger  particles  on  the  control  volume 
properties.  In  this  way  the  choice  of  the  optical  setup 
can  be  done  with  the  help  of  soundly  based  rules. 

•  It  simplifies  the  investigation  of  erroneous  setups 
associated  with  velocity  or  size  measurements  due  to 
the  distortion  of  the  normal  fringe  pattern  seen  by 
larger  particles. 

•  It  sets  new  standards  in  the  estimation  of  the  active 
control  volume  as  function  of  the  particle  size,  which 
is  very  important  in  concentration  and  particle  flux 
measurements 
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ABSTRACT 

A  new  method  was  introduced  to  analysis  the  accuracy  of 
sizing  large  particles  in  two-phase  flows  by  using  a  phase- 
Doppler  anemometry  (PDA).  This  method  is  based  on  Fourier 
Optics  Theory  (FOT)  and  Geometrical  Optics  Theory  (GOT) 
to  calculate  the  intensity  ratio  of  refractive  and  reflective 
lights  scattered  by  a  sphere  with  a  slit  constraint.  To  insure  the 
accuracy  of  Geometrical  Optics  method  for  calculating  the 
light  intensity,  the  calculated  results  were  compared  wifli  the 
results  from  the  simulation  based  on  the  Generalized  Lorenz 
Mie  Theory  (GLMT).  The  phase  jump  due  to  the  slit  constrain 
has  been  found  by  using  this  method.  This  method  can  also  be 
used  to  simulate  the  performance  of  the  dual  model  phase 
Doppler  anemometry. 


1.  INTRODUCTION 

Laser  Phase-Doppler  Anemometry  (PDA)  is  nowadays  widely 
used  for  velocity  measurement  and  particle  sizing  in 
experimental  studies  of  dispersed  two-phase  flows.  The  new 
extensions  in  dynamic  range,  signal  processing  and  particle 
property  recognition  have  made  PDA  one  of  the  most  versatile 
and  accurate  techniques  available  today.  However,  the  initial 
development  of  the  PDA  technique  was  based  on  the 
assumption  of  an  uniform  intensity  in  laser  beams  which  is 
preliminary  valid  when  the  particle  diameter  is  small 
compared  with  the  beam  waist.  As  a  result,  it  suffers  from 
error  for  sizing  large  particle  due  to  nonlinearity  in  the 
phase/diameter  relationship  because  of  non-uniformity  in 
beam  intensity.  This  nonlinear  effect  is  usually  called  as  the 
Gaussian  beam  defect  The  Gaussian  beam  defect  has  been 
demonstrated  by  several  authors  using  Geometrical  Optics 
Theory  (GOT)  (Saffman,  1986;  Bachalo  and  Sankar,  1988; 
Sankar  et  al.,  1992;  Qiu  and  Hsu,  1995a,b)  and  Generalized 
Lorenz  Mie  Theory  (GLMT)  (Grehan  et  al.,  1991).  For  better 
understanding  the  trajectory  ambiguity  and  Gaussian  beam 
defect,  several  numerical  tools  have  been  successfully 
developed  for  GOT  (Sankar  et  al.,  1992;  Qiu  and  Hsu,  1995b) 
and  GLMT  (Grehan  et  al.,  1991).  Various  solutions  to 
minimize  the  trajectory  ambiguity  have  been  proposed  for 
classical  geometry  (Grehan  et  al.,  1991)  or  using  more 
original  designs  such  as  the  planar  geometry  (Aizu  et  al., 
1993),  dual  mode  geometry  (Tropea  et  al.,  1994)  and  spatial 


frequency  geometry  (Qiu  and  Hsu,  1995).  For  the  effect  of  the 
slit  image  in  the  measurement  volume,  previous  studies 
focused  on  the  effect  due  to  intensity  distribution,  i.e.  the 
vignetting  effect  from  receiving  optical  aperture  and  slit  (or 
pinhole)  to  the  effective  measurement  volume  size.  However, 
recent  experimental  studies  by  Durst  et  al.  (1994)  found  that 
the  nonuniform  illumination  effect  due  to  image  boundary  of 
the  spatial  slit  filter  in  the  receiving  optics  is  even  more 
critical  than  the  Gaussian  beam  defect  in  the  particle  sizing. 
Furthermore,  local  particle  concentration  is  one  of  the  most 
important  properties  for  the  characterization  of  two-phase 
flows.  The  difficulty  for  the  measurement  of  particle  mass  flux 
and  concentration  results  from  the  fact  that  both  the  particle 
size  and  the  particle  size  dependent  cross-section  of  the 
measurement  volume  have  to  be  determined  accurately. 
Several  methods  (Bachalo  et  al.,  1988;  Saffman,  1987;  Qiu 
and  Sommerfeld,  1992;  Sotnmerfeld  and  Qiu,  1995)  have 
been  introduced  to  measure  these  properties  by  using  phase- 
Doppler  anemometry  in  complex  two-phase  flows. 
Nevertheless,  these  methods  are  still  limited  by  the 
nonlinearity  in  the  phase/diameter  relationship  due  to 
nonuniform  incident  intensity  across  the  particle  surface, 
when  the  particle  size  is  not  small  compared  to  the  focused 
beam  diameter.  Apparently,  the  Measurement  Volume  Effect 
(MVE)  consists  of  the  Gaussian  beam  defect  and  the  slit 
effect,  which  greatly  hinder  the  accuracy  in  particle  sizing,  as 
well  as  the  particle  flux  and  concentration  measurements. 
There  exists  no  methods  to  simulate  the  slit  effect  so  far. 
Because  the  magnitude  of  the  MVE  depends  on  the  optical 
geometry  and  particle  trajectory,  a  better  understanding  of  the 
mechanism  of  particle  scattering  by  slit  constraint  is  needed  to 
minimize  the  nonuniform  illumination  effect. 


2.  GEOMETRICAL  OPTICS  APPROACH 

The  schematic  of  a  conventional  phase-Doppler  system  is 
shown  in  Fig.  1,  where  the  receiving  optics  consists  of  a  two- 
detector  system.  The  phase  difference  (j>  between  the  two 
receiving  detectors  can  be  determined  from  the  two  Doppler 
signals  (see  Fig.  1). 

If  we  assume  the  scattering  light  as  being  dominated  by 
refraction,  from  the  geometrical  consideration  the  relation 
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between  the  phase  and  the  particle  size  can  be  described  as 
following: 


0  =  C,D  (1) 

where  D  is  the  particle  diameter.  The  phase  conversion  factor 
Cl  can  be  written  as  (Bauckhage,  1988): 


47t 
I'l  —  "T" 


+  K) 

4 


l+m^ -m^2{l~K"j 
K  =  sin-f-sinv^  +  cosycosv'cos?) 

=  sin  -I  sin  V'  -  cos  -j  cos  V'  cos  (p 


(2) 


where  m  is  the  particle  refractive  index  and  the  angles,  0,  (p 
and  y/,  are  defined  in  Fig.  1. 


Equation  (1)  is  true  only  when  the  scattering  is  dominated  by 
the  refractive  light.  When  the  particle  size  is  not  small  in 
comparison  with  the  laser  beam  diameter  in  the  measurement 
volume,  the  light  dominance  and  then  the  phase-size  relation 
depend  on  the  particle  location.  This  effect  is  called  Gaussian 
beam  effect  or  trajectory  ambiguity,  as  documented  by  Sankar 
et  al.  (1992),  Grehan  et  al.  (1991),  Qiu  and  Sommerfeld 
(1992),  Qiu  (1994),  and  Qiu  and  Hsu  (1995). 

The  Gaussian  beam  effect  is  due  to  the  Gaussian  distribution 
of  laser  beam  intensity  in  the  measurement  volume.  When  the 
particles  pass  through  a  focused  beam  on  different  trajectories, 
it  can  cause  a  change  in  balance  between  the  reflected  and 
refracted  lights. 

When  the  particle  is  at  the  position  A  as  shown  in  Fig.  2,  light 
of  higher  beam  intensity  will  be  reflected  from  a  point  on  the 
surface  of  the  particle  to  the  receiver  whereas  light  of  lower 
intensity  will  be  deflected  by  reflection.  The  reverse  situation 
occurs  if  the  particle  is  in  the  position  B.  When  a  particle 
moves  from  position  A  to  position  B,  the  ratio  of  the  two 
scattering  components  changes  continually  and  depends  also 


on  the  sphere  diameter  to  beam  diameter  ratio  DIwq.  In  the 
general  case  of  PDA,  D/wq  is  less  than  one.  Therefore,  it 
may  be  considered  as  parallel  light  scattering  since  the 
reflection  and  refraction  lights  reach  the  detector  at  the  same 
time.  If  D/wq>1  ,  the  dominant  light  occurs  sequentially 
depending  on  the  two  scattering  mechanisms.  In  either  case, 
the  trajectory  dependence  can  lead  to  significant  errors.  For 
example,  when  the  scattering  light  is  dominated  by  reflection, 
the  phase  conversion  factor  can  be  written  as  (Bauckhage, 
1988): 

Co=^V2{Vi  +  A:'  -VPT}  (3) 


Fig.  2:  Demonstration  of  Gaussian  Beam  Effect 

Because  the  reflective  fringe  pattern  moves  in  the  opposite 
direction  to  that  of  the  refractive  pattern,  the  phase  and  size 
relation  for  the  receiving  optics  is  described  as: 

27t-tl>  =  \Co\D  (4) 


Therefore,  the  detection  of  the  wrong  scattering  component 
will  occur,  leading  to  the  misrepresentation  of  mid-range  size 
particles  as  being  very  large.  This  has  a  significant  effect  on 
the  refractive  index  measurement 

In  fact,  because  the  scattering  light  from  a  particle  is 
contributed  from  a  mixture  of  the  refracted  and  reflected 
lights,  i.e.: 


1)  can  I 


<j)  =  arctg 


1 1  sin(CiZ))-  /o  sin(CoZ)) 
/i  cos(CiI>)  +  /q  cos(Co£>) 


=  arctg 


sin(CiD)-^sin(CoD) 

^1 


cos(CiD)+-^ 

h 


'^cos(CoD) 
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where  the  conversion  factors  Cj  and  Cq  for  the  refraction  and 
reflection  have  been  described  in  Eqs.  (2)  and  (3)  respectively. 
Assuming  that  the  incident  beams  are  in  the  parallel 
polarization  and  have  the  uniform  illumination,  the  amplitudes 
of  scattering  lights  as  calculated  by  using  the  geometrical 
optical  method  (Saffman,  1987)  are 


2  ■  <P  12  2  5> 

5  ^  smf-^/m  -cos  y 

^  /n^sin-f +  -cos^-f 
and 

^(l  +  m^)cosy-2m 

,  (m'-l)cosl  J 

lm^(mcos-f-l)(m-cos|) 
y  4cosf(l  +  m^ -2mcos-f) 

Considering  the  trajectory  effect  as  resulted  by  the  Gaussian 
intensity  distribution,  the  intensity  of  the  scattering  light  can 
be  written  as: 


h  =  1-5^1  f  exp 


/ 
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>)j 

V 

2-Jl+m^-2mcos^  ^ 

(9) 


and 


=  l^ol^  expf-2^-YC0SY  +  yj  /(-x)  1 


|5of  exp 


‘0  _ 


DmstTi^ 


4 


2Jl+m  -2/7icos^ 


2  ; 


|5,pexpf-2(f  cosf  +  y)  /(^) 


Combining  Eqs.  (7-1 1),  one  obtains 
(^  =  f{m,e,\ir,tp,D,y) 


(11) 


(12) 


Hence,  for  a  given  sphere,  the  signal  phase  is  not  only 
proportional  to  the  particle  size  but  also  dependent  on  the 
particle  trajectories.  As  the  particle  trajectories  are  unable  to 
measure,  unacceptable  errors  occur,  when  Eq.  (1)  is  used  for 
calculating  directly  the  particle  diameter  without  taking  the 
Gaussian  beam  effect  into  account. 

Besides  the  Gaussian  beam  effect,  the  slit  effect  was  reported 
as  another  error  source  in  size,  flux  and  concentration 
measurements  with  a  conventional  phase  Doppler  anemometer 
(Durst  et.  al  1994).  The  slit  effect  can  be  explained  by  Rg.  3, 
which  describes  the  slit  effect  qualitatively. 


Fig.  3:  Schematic  Representation  of  the  Slit  Effect 

The  refractive  light  and  the  reflective  light  take  different 
paths.  Thus,  light  will  be  detected  even  when  the  particle 
center  is  outside  of  the  slit  aperture  image.  It  is  also  obvious 
from  Fig.  3  that  the  region  of  particle  center  locations 
allowing  the  refractive  light  to  be  received,  is  not  symmetric 
with  respect  to  the  measurement  volume  center,  but  is  shifted 
to  the  left.  When  the  particle  is  at  a  positive  z  location  as 
shown  in  Fig.  3,  the  refractive  light  is  blocked  by  the  slit  but 
the  reflective  light  can  still  be  detected.  Since  the  phase  of  the 
reflective  light  (Eq.  4)  is  different  from  that  of  the  refractive 
light  (Eq.  1),  the  size  measurement  is  incorrect.  When  the 
particle  is  at  the  negative  z  location  outside  the  slit  window, 
only  the  refractive  light  can  be  detected  as  the  reflective  is 
blocked  by  the  slit.  In  this  case,  the  signal  phase  will  be 
correct.  However,  as  the  diffraction  by  the  slit  and  the  finite 
receiving  cone  angle  due  to  the  non-zero  receiving  aperture 
size,  the  situation  is  more  complicated.  As  shown  in  Eq.  11, 
the  ratio  of  the  reflective  light  to  the  refractive  light  will  vary 
according  to  the  position  of  the  particle.  The  slit  effect  has 
been  observed  experimentally  by  Durst  et  al.  (1994).  A  more 
exact  theoretical  analysis  of  this  effect  is,  however,  difficult  at 
present  since  existing  programs  for  computing  light  scattering, 
either  Mie  or  GLMT,  do  not  allow  for  such  a  slit  aperture.  To 
solve  this  problem,  a  Fourier  optics  method  for  analyzing  the 
slit  effect  is  developed. 


3.  FOURIER  OPTICS  METHOD 


In  this  study  Fourier  Optics  Theory  (Goodman,  1968)  was 
used  to  analyze  the  single-particle  scattering  model  for  PDA’s 
receiving  optics  by  considering  the  slit  constraint.  To  simplify 
the  analysis  process,  only  two-detector  system  was  used  and 
the  rectangular  receiving  aperture  was  considered.  The 
sharpness  of  the  image  strongly  depends  on  the  receiving 
optics  aperture  size  which  in  this  case  is  given  by  the  width  of 
the  rectangular  apertures  in  the  mask  mounted  behind  the 
receiving  lens  (Fig.  4).  This  mask  is  used  to  determine  the 
elevation  angle  of  the  PDA-optics  and  has  slits  of  width  ly  and 
height  Zj.  In  order  to  demonstrate  the  optical  transform 
function  of  the  receiving  aperture  and  the  slit,  calculations 
based  on  Fourier  optics  theory  were  performed.  Assuming  the 
complex  field  on  object  plane  (scattering  plane)  being 
ro(xo,yo),  the  complex  field  across  the  focal  plane  behind  the 
lens  can  be  calculated  by 


xj  J»o{^O.yo)exp 


^yoyf) 


dxodyo 
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where  A  is  the  wave  length, /i  the  focal  length  of  the  receiving 
lens,  and  do  the  distance  from  the  scattering  plane  to  the 
receiving  lens. 


Fig.  4;  Optica]  lay-out  of  the  PDA-system 

To  include  the  effects  of  the  receiving  aperture  we  assume  the 
measurement  volume  length  as  compared  to  the  focal  length  is 
sufficient  small  and  the  scattering  object  is  deeply  within  the 
region  of  Fresnel  diffraction  for  the  receiving  aperture.  Such 
an  assumption  is  an  accurate  one  for  a  practical  PDA 
configuration.  Therefore,  the  complex  field  with  the  lens 
aperture  limit  can  be  described  by 


/  \  A  / 


xexp 


\dxodyo 


(14) 


where  Pf[xj,yf)  =  xect[xfll^)  •rect^y^//^j  is  the  function 

of  rectangular  receiving  aperture.  The  complex  field  across  the 
slit  plane  then  can  be  determined  by 


xexpj 


dxfdyf 


(15) 


where  P2(^2.}’2)  =  rect(x2/^;t)Tect()’2/5,)  is  the 
transform  function  of  the  slit. 

By  using  inverse  Fourier  transformation  for  Eqs.  13-15,  the 
image  of  the  slit  can  be  determined  as  shown  in  Fig.  5  and  6. 


Fig.  5:  The  Fourier  spectrum  of  a  slit  through  a  rectangular 
receiving  aperture 


Fig.  6:  The  image  of  a  slit  in  the  measurement  volume 

To  include  the  receiving  cone  angle  and  the  diffraction  effects, 
following  geometry  will  be  considered  for  this  study  as  shown 
in  Fig.  7. 


Fig.  7:  Enlargement  of  the  effective  length  of  the  measurement 
volume  due  to  the  finite  size  of  aperture  and  the  particle 

As  the  length  of  measurement  volume  in  receiving  angle 
direction  is  much  smaller  than  the  focal  length  of  the  receiving 
lens,  the  object  plane  was  always  assumed  on  the  focal  plane, 
i.e.  do  =/i.  By  substituting  the  Eqs.  7-11  into  Eqs.  13-15,  one 
can  calculate  the  refractive  and  reflective  light  intensities 
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received  by  photodetectors  separately.  Thus,  the  signal  phase 
of  the  scattering  light  can  be  determined  from  Eq.  6. 

To  evaluate  the  phase  accuracy  by  using  Eq.  6,  the  calculation 
was  compared  with  GLMT  using  without  slit  constraint 
situation.  The  GOT  method  is  to  determine  the  phases  based 
on  Eqs.  6-11,  where  only  the  first  order  refraction  and  the 
reflection  are  considered.  The  simulated  results  obtained  from 
this  geometrical  optical  method  and  the  GLMT  method  are 
shown  in  Fig.  8.  The  dash  line  in  Fig.  8  represents  the 
received  light  intensities  when  a  particle  is  moving  along  Y 
direction.  The  simulation  results  show  that  the  geometrical 
optical  method  is  in  good  agreement  with  the  GLMT  method 
but  the  calculating  speed  of  this  method  is  about  200  times 
faster  than  the  speed  of  the  GLMT  method.  This  will  give  user 
the  possibility  to  "on-line"  optimize  the  parameters  of  EPDA. 


Fig.  8  Comparison  of  the  geometrical  optics  method  and  the 
GLMT  method 

Furthermore,  these  results  also  demonstrate  that  only  the  first 
order  refraction  and  the  reflection  should  be  considered.  This 
can  greatly  simplify  the  trajectory  effect  for  a  better 
understanding  of  the  physics  phenomena  such  as  using  the 
vector  diagram  (Qiu  H.  H.  and  Hsu  C.  T.,  1995).  In  this  study, 
only  geometrical  optics  method  was  used. 


Wavelength 

0.5145 

pm 

Beam  Waist 

100 

pm 

Transmitting  Angle 

2.309 

degree 

Receiving  Elevation  Angle 

3.54 

degree 

Off-Axis  Angle 

70 

degree 

Refractive  Index 

1.33 

Receiving  Aperture  1  (4  •  /y) 

10x60 

mm 

Receiving  Aperture  2  (4  •  K) 

10x15 

mm 

Slit  Width 

100 

pm 

Tab.  1  Optical  parameters 


Different  size  of  the  receiving  apertures  were  used  to  analyze 
the  MVE.  To  analysis  the  slit  effect,  droplets  with  the 
diameters  of  50  and  80  pm  have  been  simulated  along 
different  trajectories  when  passing  through  the  measurement 
volume.  Two  images  of  the  slit  for  different  receiving  aperture 
sizes  are  shown  in  Fig.  9. 


(b) 

Fig.  9:  Image  of  the  slit  for  different  size  of  receiving 
apertures 


4.  RESULTS  OF  SIMULATIONS 

The  parameters  of  the  system  geometry  as  shown  in  Fig.  4  for 
the  simulation  is  given  in  Tab.  1. 


The  geometry  of  measurement  volume  and  the  different 
droplet  trajectories  are  shown  in  Fig.  10.  The  simulated  results 
are  shown  in  Fig.  11-15.  In  Figs.  11  and  12,  the  50  pm 
droplets  parallel  to  the  Y-axis  pass  through  the  measurement 
volume  along  Z  =  16.  Figures  11  and  12  are  for  large  and 
small  apertures  respectively.  The  same  for  Figs.  13  and  14, 
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respectively  except  that  they  are  for  80  pm  droplets  passing 
the  measurement  volume  along  z  =  5  pm.  From  these  results, 
the  differences  in  the  phase  are  significant  although  the  signal 
amplitudes  changes  only  slightly  for  the  cases  with  and 
without  slit,.  It  is  clear  that  the  phase  nonlinearity  (phase  jump 
from  refraction  to  reflection)  will  occur  near  the  center  of 
measurement  volume  in  the  case  with  slit  constraint,  i.e.,  the 
uncertainty  due  to  silt  effect  not  only  result  from  the 
measurement  volume  size,  but  also  from  the  particle  size.  As 
the  receiving  aperture  for  Figs.  11  and  13  is  relative  larger 
than  the  one  in  Figs.  12  and  14,  the  image  of  the  slit  in  large 
aperture  case  is  much  close  to  an  ideal  rectangular  window. 
By  comparing  Fig.  11  with  Fig.  12,  Figs.  13  with  14,  the 
signal  phase  with  slit  constraint  is  different  from  that  without 
slit.  However,  the  effect  of  receiving  aperture  size  is  hardly 
observable  for  both  particles  of  50  and  80  p.m  as  shown  in 
Figs.  1 1  to  14.  It  seems  to  be  more  critical  for  large  particles 
as  both  in  Fig.  13  and  14  show  the  large  difference  between 
with  and  without  slit  cases. 


Fig.  10:  Geometry  of  measurement  volume  and  particle 
scattering  model  with  slit  constraint 


Fig.  1 1 :  Comparison  of  the  phase  uncertainty  with  and 
without  slit  (Large  Aperture  Case  10x60,  Z=16pm,  D=50pm) 


Fig.  12:  Comparison  of  the  phase  uncertainty  with  and 
without  slit  (Small  Aperture  Case  10  xl5,  Z=16pm,  D=50pm) 


Fig.  13:  Comparison  of  the  phase  uncertainty  with  and 
without  slit  (Large  Aperture  Case  10  x  60)  Z=5pm,  D=80pm) 


Fig.  14:  Comparison  of  the  phase  uncertainty  with  and 
without  slit  (Small  Aperture  Case  10  x  15)  Z=5pm,  D=80pm) 

Fig.  15  shows  the  results  when  80  pm  droplets  pass  through 
the  measurement  volume  in  three  trajectories  of  different  Z. 
The  simulated  results  show  that  for  the  particle  moving  in 
Z=50+Y/tan(9)  direction  (case  c),  only  the  reflective  light  can 
be  received  due  to  the  slit  effect.  Therefore,  the  phase  depends 
only  on  the  reflection.  If  the  particle  is  moving  in  Z=  - 
50+Y/tan(<p)  direction  (case  a),  the  received  light  will  be 
dominated  by  the  refraction  which  consequently  determine  the 
phase.  For  the  case  b  of  Z=  Y/tan((p),  the  signal  amplitude  and 
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phase  are  not  affected  by  the  slit.  The  results  shown  above 
demonstrate  that  the  signal  phase  is  trajectory  dependent  when 
a  slit  is  used. 

5.  CONCLUSIONS 

Investigation  towards  the  use  of  a  Fourier  optics  method  to 
analysis  measurement  volume  effect  for  PDA  is  conducted. 
The  simulations  using  this  newly  developed  FOT  model  can 
not  only  yield  the  better  understanding  the  particle  scattering 
with  the  slit  effect  and  the  Gaussian  beam  defect,  but  also  the 
numerical  solution  for  the  optical  parameter  design  in 
minimizing  the  Measurement-Volume-Effect.  The  same 
principle  developed  here  can  be  also  used  to  simulate  the 
performance  of  a  dual  model  PDA  system. 


Fig.  15:  Comparison  of  the  phase  uncertainty  with  different 
particle  trajectories 


(a:  Z=  -50-i-Y/tan((p);  b:  Z=  Y/tan((p);  c:  Z=50+Y/tan(<p); 
D  =  80  pm,  Slit  =  100pm) 
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ABSTRACT 

We  have  performed  a  cycle-resolved  analysis  of  coin¬ 
cident  3-D  LDV  data  acquired  in  a  motored,  single-cylinder, 
transparent  engine.  We  have  thereby  used  filtering  tech¬ 
niques  for  separating  the  high  frequency  (‘true’  turbulence) 
from  the  low-frequency  (believed  to  be  mainly  due  to  cycle- 
to-cycle  variation  or  deterministic  phase  mismatch  of  the 
engine  flow  field)  part  of  the  fluctuations  of  all  three  veloc¬ 
ity  components  at  selected  engine  speeds  and  measurement 
locations  in  the  combustion  chamber. 

For  that  purpose  appropriate  ‘cut-off  frequencies  for 
the  filtering  processes  have  been  elaborated  on  the  basis  of 
characteristic  time  scales  associated  with  important  sub¬ 
processes  of  turbulent  combustion  in  I.C.  engines.  Premixed 
flame  propagation  in  S.I.  engines  as  well  as  evaporation  of  a 
droplet  ensemble  and  chemical  ignition  delay  in  diesel 
engines  have  been  considered  as  examples  of  such  relevant 
phenomena. 

Results  of  this  analysis  show  that  the  frequency  dis¬ 
tribution  of  the  velocity  fluctuations  is  different  for  the  three 
velocity  components,  suggesting  a  ‘second  order’  anisotropy 
as  opposed  to  the  isotropicity  observed  with  the  ensemble 
averaged  quantities.  Engine  speed  dependence  of  the  tur¬ 
bulent  intensity  relevant  for  either  the  S.I.  flame  propaga¬ 
tion  or  the  diesel  droplet  evaporation  is  not  necessarily 
linear,  as  would  be  suggested  by  the  ensemble  averaged  val¬ 
ues.  Conditions  of  low  and  high  swirl  exhibit  different 
behaviours  in  that,  for  all  frequencies  important  to  engine 
combustion  strong  swirl  (together  with  mrnble)  is  associ¬ 
ated  with  higher  turbulent  intensities,  while  low  swirl 
yields  more  low  frequency  (<100Hz),  rather  combustion- 
irrelevant  flow  motion.  The  trend  of  the  ensemble  averaged 
quantities  is  reversed  also  here  with  concern  to  the  high 
frequency  part  of  turbulence.  Finally  the  ensemble  power 
frequency  distribution  of  the  turbulent  kinetic  energy  shows 
a  decaying  turbulence  eddy  structure  during  late  compres¬ 
sion  and  early  expansion;  it  moreover  suggests  that  the 
whole  inertial  subrange  is  relevant  for  the  engine  combus¬ 
tion  processes  considered  in  this  study. 


NOMENCLATURE 


Quantity 

Symbol 

mean  piston  speed 

Cp 

droplet  diameter 

d 

‘cut-off  frequency 

fco 

engine  stroke 

H 

pressure 

P 

Reynoldsnumber 

Re 

laminar  flame  speed 

Sl 

turbulent  flame  speed 

Sif 

temperature 

T 

apparent  activation  temperature  for  the 
fuel  autoignition  process 

Ta 

Greek  Symbols 

Quantity 

Symbol 

apparent  diffusivity  for  the  fuel  evapora¬ 
tion 

P 

laminar  flame  thickness 

df 

engine  rotating  frequency 

Veng 

fuel-air-equivalence  ratio 

Subscripts 

Quantity 

Symbol 

relevant  properties  to  diesel  fuel  droplet 
evaporation 

evap 

relevant  properties  to  chemical  ignition 
delay  in  diesel  engines 

ig.d 

relevant  properties  to  premixed  engine 
combustion 

S.I. 

1.  INTRODUCTION 

Further  improvement  of  I.C.  engines  in  terms  of  en¬ 
ergy  conversion  efficiency  and  environmental  compatibility 
will  primarily  depend  on  the  ability  to  control  combustion 
in  the  appropriate  way.  For  this  goal  a  deeper  understanding 
of  the  interaction  between  fluid  mechanics  and  chemical 
kinetics  in  the  combustion  chamber  is  necessary. 
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Given  the  complexity  of  the  hydrocarbon  combustion 
chemistry  on  one  hand  and  the  very  high  Reynolds  numbers 
of  the  flow  field  on  the  other,  memory  and  CPU 
requirements  of  direct  flow  and  combustion  computations 
for  real  engines  exceed  the  available  computer  capabilities 
by  several  orders  of  magnitude.  Even  though  further  prog¬ 
ress  in  reduction  techniques  of  complex  reaction  systems  is 
expected  and  computational  costs  keep  decreasing,  turbu¬ 
lence  poses  a  clear  limit  on  what  is  feasible  for  practical 
applications  today  and  the  foreseeable  future. 

In  the  past  10  to  15  years  experimental  non-intrusive 
diagnostic  techniques  have  provided  substantial  devel¬ 
opment  in  our  understanding  of  the  turbulent  flow  features 
during  compression  and  expansion  under  mostly  motored 
engine  conditions.  Together  with  CFD  k-e  based  computa¬ 
tions  at  least  qualitative  information  on  flow  parameters 
have  been  acquired,  despite  the  fact  that  the  shortcomings 
of  this  model  are  obvious  with  respect  to  anisotropy  as  well 
as  unsteadiness  and  non-periodicity  of  the  flow  field,  that 
prevail  in  I.C.  engines. 

The  latter  characteristics  of  the  flow  field  lead  to 
some  additional  difficulties  in  the  interpretation  of  experi¬ 
mental  data.  The  turbulent  component  of  a  flow  parameter 
cannot  be  simply  defined  as  the  departure  from  its  time- 
averaged  value,  as  usually  done  in  statistically  steady  flows. 
In  periodic  flows,  the  concept  of  phase  averaging  has  proven 
to  be  useful.  In  this  approach,  a  quantity  is  measured  within 
a  small  crank  angle  window  around  the  same  crank  angle 
over  many  cycles.  The  average  over  many  cycles  is  the 
phase  (or  ensemble)  average  and  the  difference  between  the 
instantaneous  values  and  the  ensemble  average  is  the 
turbulent  fluctuation  of  that  quantity.  Under  this  definition 
turbulence  will  not  necessarily  relate  to  the  random  high 
frequency  fluctuations  in  space  or  time  that  exist  in  every 
single  cycle.  Following  one  of  the  main  conclusions  of 
reference  12:  ,In  reciprocating  engines  features  of  turbu¬ 
lence  must  be  cycle  resolved  and  the  separation  into  turbu¬ 
lence  and  bulk  motion  is  relative  to  the  process  observed 
and  influenced  by  the  flow’. 

In  order  to  overcome  these  difficulties  procedures  for 
cycle-resolved  data  analysis  have  been  developed  in  the 
past  years.  A  common  feature  of  these  techniques  is  the 
necessity  of  choosing  a  more  or  less  arbitrary  cut-off  scale 
for  distinguishing  true  turbulence  from  other  low  frequent 
fluctuations  of  the  flow  field  (like  for  example  cycle-to- 
cycle  fluctuations  of  the  mean  flow  field,  deterministic 
motions  that  are  not  in  phase  with  the  piston  motion  etc.). 

In  this  work  we  present  cycle-resolved  analysis  of 
coincident  three-dimensional  Laser-Doppler-Velocimetry 
measurements  in  the  combustion  chamber  of  a  motored 
reciprocating  engine.  We  therefore  propose  appropriate  cut¬ 
off  frequencies  (for  the  first  time  according  to  our  knowl¬ 
edge)  related  to 

•  characteristic  time-scales  of  premixed  engine  combus¬ 
tion, 

•  typical  time-scales  for  injected  fuel-droplet  evaporation 
in  diesel  engines  as  well  as  to 

•  characteristic  ignition  time-scales  under  diesel  condi¬ 
tions. 


The  paper  is  organised  as  follows:  We  describe  first 
the  experimental  setup  and  the  signal  processing  techniques 
used  in  this  investigation.  Then  we  work  out  the  selection  of 
the  relevant  ‘cut-off  frequencies  based  on  physicochemical 
arguments.  Next  we  present  and  comment  on  the  results  of 
our  cycle-resolved  analysis  and  finally  we  summarise  with 
the  conclusions. 


2.  EXPERIMENTAL  SETUP 

The  measurements  were  carried  out  in  a  motored 
single-cylinder,  four-stroke,  two-valve  engine  similar  to 
commercial  engines  with  a  flat  piston  and  a  flat  cylinder 
head.  The  optical  access  was  provided  through  a  fully  trans¬ 
parent  quartz  ring  forming  the  upper  part  of  the  cylinder 
liner  and  simultaneously  through  the  quartz  piston  crown, 
which  was  mounted  on  an  elongated  piston-cylinder  as¬ 
sembly.  A  shrouded  intake  valve  in  combination  with  vari¬ 
ous  inlet  port  configurations  allowed  for  a  wide  variation  of 
the  in-cylinder  flow  pattern  (variation  of  swirl  intensity, 
while  in  some  cases  a  tumbling  motion  was  also  created). 
The  engine  main  parameters  are  summarised  in  Table  1 . 

Spatially  and  temporally  coincident  three-dimen¬ 
sional  Laser-Doppler-Velocimetry  (LDV)  measurements 
have  been  carried  out  at  600,  1000  and  1500  rpm.  This  was 
enabled  by  modifying  a  commercial  LDV-System  using 
three  laser  beam  pairs  and  the  three  main  wavelengths  of  an 
Argon-Ion  Laser  (514.5nm,  488nm,  476.5nm).  The  system 
operation  in  the  off-axis  crossscatter  mode  assured  coinci¬ 
dence  of  the  three  signals  and  resulted  also  in  high  signal 
quality.  The  effective  probe  volume  dimensions  were 
70x70x70|im^.  The  LDV-signals  were  processed  by  three 
Burst-Spectrum-Analyzers. 

A  detailed  description  of  the  engine  and  the  LDV- 
System  can  be  found  in  previous  work  see  references  2,  3. 

Table  1:  Principal  Engine  Data 


Bore 

85  mm 

Stroke 

92  mm 

Compression  Ratio 

8.0 

Combustion  Chamber 

Pancake,  flat  piston 

Swirl  Number 

0.  -  5.0 

Intake  Valve  Close 

220  c.a.d. 

Exhaust  Valve  Open 

490  c.a.d. 

Engine  rpm 

600,  1000,  1500 

Shaft  Encoder  Resolution 

0.2  c.a.d. 

3.  DATA  PROCESSING 

The  complex  nature  of  the  three  dimensional  flow 
field  within  engines  is  due  to  the  non-stationary  conditions 
imposed  by  piston  and  valves  motion.  This  makes  necessary 
to  employ  data  reduction  techniques  that  should  extract 
parameters  of  the  flow,  such  as  mean  motion,  turbulence 
intensity,  and  temporal  as  well  as  length  scales,  that  are 
required  for  development  and  validation  of  turbulence  sub- 
mtxlels  in  engines.  During  the  last  15  years,  two  basic 
approaches  have  emerged  for  computing  the  mean  velocity 
and  turbulence:  ensemble  and  cycle-resolved  analyses.  Data 
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processing  in  engines  uses  the  Reynolds  decomposition  in 
which  the  instantaneous  velocity  is  split  into  a  mean  (time 
varying),  ,  and  a  random  fluctuating  component, 

=  +  (1) 

where  is  the  crank  angle  and  j  is  the  engine  cycle.  For 
in-cylinder  flows,  in  which  the  air  motion  is  time-depen¬ 
dent,  the  mean  velocity  can  be  defined  using  an  ensemble- 
averaged  procedure  and  the  turbulence  intensity  is  given  by 
the  root  mean  square  (rms)  of  the  fluctuations  about  the  en¬ 
semble  mean  velocity,  ref.  2.  This  definition  of  turbulence 
includes  all  fluctuation  frequencies,  therefore,  cycle-by- 
cycle  variations  and  any  low-frequency  instability  pheno¬ 
mena  are  included  in  the  computed  turbulence,  ref.  4.  Ef¬ 
forts  have  been  undertaken  to  estimate  an  in-cycle  mean 
velocity  and  remove  the  effect  of  cycle-to-cycle  fluctuation 
from  turbulence;  All  of  them  rely  on  the  selection  of  a  cut¬ 
off  frequency  ,  ref.  5,  6,  7,  8,  9,  which  however  up  to  now 
has  been  defined  based  on  rather  arbitrary  concepts. 

Even  if  this  frequency  is  known,  the  separation  of  the 
mean  motion  from  the  effective  turbulent  flow  component 
requires  some  careful  thought  with  concern  to  the  validity  of 
the  procedure  to  be  used.  If  for  example  the  flow  is  on 
average  non-stationary  the  Fourier-transformed-time  series 
of  the  considered  interval  within  the  engine  cycle  will  not 
exactly  correspond  to  the  turbulent  kinetic  energy  spectrum, 
but  will  still  include  some  lower  frequency  components.  For 
this  reason,  the  phase  intervals  used  in  the  present  work 
have  been  selected  for  each  velocity  component  in  such  a 
way,  that  the  temporal  variation  of  the  mean  motion  therein 
is  very  small. 

Furthermore,  in  order  to  estimate  the  individual 
cycle  mean  velocity,  (7(^,7) ,  a  low-pass  digital  filter,  in 
the  time  domain,  has  been  used  with  a  moving-window 
average  shifted  through  the  whole  cycle,  ref.  10.  The  length 
of  this  window,  given  by  the  choice  of  the  cut-off  frequency, 

is  used  to  estimate  U (;&,])  by  taking  a  weighted  sum  over 
2L+1  input  values  of  the  instantaneous  velocity  U (■&,]) ,  at 
equally  spaced  angular  intervals  of  A'6^  =  0.2° .  The  mean 
velocity  of  the  j-th  cycle,  U (-&,])  using  a  rectangular 
weighting  function  h(K)  =  1  /  (2  •  L  -I- 1)  ,  is  computed  as: 

L 

Ui-&,j)=  Y,Ui-&-KJ)-h(K)  (2) 

k=-L 

Triangular  weighting  functions  have  also  been  used, 
but  they  didn’t  lead  to  any  significant  differences  in  the 
results.  As  it  can  be  noted  by  equation  (2),  the  filtering  of 
the  instantaneous  velocity  data  requires  that  in  each  crank 

angle  interval  ( A’d  =  0.2° )  at  least  one  instantaneous 
velocity  value  has  been  acquired.  In  practice,  there  are  some 
windows,  where  either  no  data  at  all  have  been  obttiined,  or 
the  ones  acquired  have  been  subsequently  rejected  for  va¬ 
rious  reasons  during  data  processing  and  reduction.  In  order 
to  fill  those  empty  intervals,  a  cubic  spline  function  has 


been  used  to  interpolate  missing  values.  For  example  data 
whose  deviation  from  the  ensemble  mean  velocity  was  more 
than  three  times  the  standard  deviation  (corresponding  to 
the  95%  confidence  limit  of  a  Gaussian  distribution)  were 
rejected.  Furthermore,  the  arithmetic  mean  were  taken  for 
these  single  intervals  ( Ai^  =  0.2° )  with  more  than  one 
measurement  obtained.  The  high  frequency  fluctuation  u'^ , 

referred  to  the  filtered  turbulence  intensity,  has  been 
computed  as  the  rms  deviation  of  the  instantaneous  velocity 
about  the  cycle-resolved  mean  velocity: 


u'hf  ('&,])  = 


1  N  ^ 


1/2 


(3) 


where  N  is  the  number  of  engine  cycles.  Similarly,  the  low 
frequency  fluctuation  intensity,  related  to  the  unsteady  mean 
motion,  can  be  computed  as  the  rms  deviation  of  the  cycle- 
resolved  mean  velocity  from  the  ensemble  mean  velocity. 

The  main  contribution  of  this  paper  refers  to  the 
elaboration  of  appropriate  ‘cut-off  frequencies  for  the 
filtering  method,  that  are  based  on  characteristic  scales  of 
physic^  or  chemical  processes,  which  are  of  interest  in  a 
concrete  situation  (diesel  or  S.I.  engine  combustion).  In 
other  words,  what  is  in  each  case  considered  to  be  turbu¬ 
lence  or  low  frequency  motion  depends  on  the  time  scale  of 
the  process  to  be  observed  and  analyzed  (ignition,  flame 
propagation,  droplet  evaporation  etc.). 

The  next  section  deals  with  the  method  of  determina¬ 
tion  of  such  appropriate  ‘cut-off  frequencies. 


4.  DEFINITION  OF  APPROPRIATE  ‘CUT-OFF’ 
FREQUENCIES 

Key  thermal  or  chemical  subprocesses  relevant  to 
turbulent  engine  combustion  exhibit  a  rich  variety  of  modes 
of  interaction  among  themselves  as  well  as  with  the  flow- 
field  in  the  combustion  chamber.  Correspondingly,  the 
range  of  time,  length  and  velocity  scales  associated  with 
those  interactions  usually  extends  over  several  orders  of 
magnirnde. 

In  this  section  we  will  exemplarily  investigate  three 
phenomena  important  for  combustion  in  engines  and  work 
out  their  characteristic  frequencies  in  order  to  use  them  in 
the  cycle-resolved  analysis  described  previously.  Those 
phenomena  are  simply  chosen  as  representative  of  many 
others;  they  nevertheless  allow  to  make  clear  the  basic 
concept  we  employ  and  the  way  we  use  to  quantify  the 
characteristic  frequencies  each  time. 

The  method  will  be  applied  to  a)  the  flame  propaga¬ 
tion  through  the  combustion  chamber  of  S.I.  engines,  b)  the 
evaporation  of  large  droplets  in  diesel  engine  sprays  and  c) 
the  chemical  ignition  delay  under  compression  ignition 
conditions.  In  principle,  characteristic  times  related  to  the 
reaction  zone  structure  in  premixed  laminar  flamelets  (i.e. 
scaling  with  df/si)  would  be  also  of  importance  for  this 
investigation.  They  are  however  very  short  (-lO'^s),  so  that 
they  might  interact,  if  at  all,  only  with  the  very  high  fre¬ 
quency  part  of  the  turbulent  power  specfrum  (close  to  the 
Kolmogoroff  scales).  Therefore  they  are  not  of  interest  in 
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the  context  of  separating  low-frequency  fluctuations  from 
‘true  turbulence’,  since  moreover  the  LDV  system  is,  due  to 
various  reasons,  not  capable  to  capture  frequencies  far 
beyond  the  lOkHz  range. 

Premixed  flame  propagation  in  S.I.  engines.  The 

chcu'acteristic  frequency  of  this  process  corresponds  to  the 
reciproce  of  the  time  required  for  the  flame  to  propagate 
through  the  combustion  chamber.  The  idea  is  that  all 
turbulent  eddies  with  life  times  larger  than  the  flame  propa¬ 
gation  time  will  certainly  experienced  by  the  flame  front  not 
as  locally  and  instantaneously  acting  turbulence  but  rather 
as  a  sort  of  convective,  bulk  flow  motion.  Hence: 


/ 


COS.I. 


Ill 

Xc 


A 


’  Urms 


Xc 


(4) 


Typical  values  of  A  are  around  4  and  assuming  that 

Urms~':^Cp~  as  well  as  that  combustion  is 

usually  terminated  during  early  expansion  stages 
Xcmin  “  H  ~  B  h  can  be  obtained  that 

COS.I.  ~  ■  V  eng  (^) 

Evaporation  of  large  droplets  in  diesel  engine 
sprays.  Approximate  evaporation  times  of  single  droplets 
are  given  by  the  following  equation 


tevcp  =  P  ,  P  =  +  0.25 •  (g) 

where  the  effective  diffusivity  under  diesel-engine-TDC 
conditions  is  about  4-10""^7W^/5  .  Reynolds-numbers  for 

the  droplets  are  between  100  and  1000.  Sauter-mean  dro¬ 
plet  diameters  of  roughly  lOjim  are  typical  for  diesel  sprays 
on  average  but  the  largest  droplets  (corresponding  to  5%- 
volume  percent)  are  reported  to  be  twice  as  large,  ref.  14. 
Thus  a  conservative  estimate  for  the  appropriate  ‘cut  off 
frequency  for  the  case  considered  here  (largest  droplets  in 
the  spray  yields 


Thus,  we  conclude  that  for  the  engine  combustion  sub¬ 
processes  considered  here  the  relevant  ‘cut-off  frequencies 
are  all  between  200  and  lOOOHz.  For  small  high-speed  S.I. 
engines  as  well  as  for  small,  high-duty  diesel  engines  with 
high  compression  ratio  this  range  can  be  extended  to  about 
2000Hz.  at  the  most.  Interestingly  enough,  of  the  processes 
that  we  have  looked  in  this  section,  only  for  the  flame  pro¬ 
pagation  in  S.I.  engines  does  depend  on  engine  speed; 

obviously  this  is  so  due  to  the  coupling  between  the  turbu¬ 
lent  flame  speed  and  the  engine-speed-dependent  turbu¬ 
lence  intensity.  Results  of  the  analysis  that  we  present  in 
the  next  section  refer  therefore  to  ‘cut-off  frequencies  of 
200,  333  and  500Hz  (for  S.I.  combustion,  the  latter  also  for 
droplet  evaporation)  as  well  as  lOOOHz  (for  ignition  delay 
and  or  higher  engine  speeds). 


5.  RESULTS  AND  DISCUSSION 

In  this  paragraph  results  of  radial,  axial,  and  tangen 


Crank  angle  (c.ad) 


fco„p~SO0s-'  (9) 

Chemical  ignition  delay  under  diesel-engine  TDC 
conditions.  Reaction  kinetics  involved  in  ignition  of  hydro¬ 
carbons  at  temperatures  between  750K  and  lOOOK  are 
extremely  complex  and  no  single  characteristic  time  scale 
can  be  deduced  from  fundamental  studies  thereabout.  Based 
on  both  shock  tube  as  well  as  rapid  compression  machine 
experiments  however  there  is  considerable  agreement  in  the 
diesel  engine  research  community  that  chemical  ignition 
delay  times  can  be  approximated,  even  for  multicomponent 
fuels  by  an  expression  of  the  following  type  (see  refereces 
14,  15). 

tig.d.  =  Aq  ■e'^ a^T  .  /(O)  (10) 

Using  typical  values  for  fuels  with  appropriate  Ce¬ 
tane-Numbers  for  compression  ignition  engines  we  finally 

^ CO ig.d.^ '^000  s~^- 


Figure  1.  Filtered  turbulence  intensity  [m/s]  vs.  crank  angle 
at  1,000  rpm  for  the  high  swirl  condition. 

tial  ensemble-rms  and  filtered-rms  velocity  traces,  obtained 
from  sets  of  data  at  different  engine  speeds  (600,  1000, 
1500  rpm)  and  two  swirl  ratios  will  be  presented.  ‘Cut¬ 
off  frequency  selection  depending  on  the  power  spectrum 
analysis  and  relevant  physical  or  chemical  processes  for 
engine  combustion  (flame  front  passage  for  S.I.  engines, 
ignition  delay  for  D.I.  diesel  engines  and,  largest  droplet 
evaporation  time  in  a  diesel  spray)  will  be  considered.  The 
discussion  will  be  focused  on  the  measurement  point  loca¬ 
ted  at  r=16  mm  from  the  cylinder  axis  and  h=6.5  mm  from 
the  engine  head  along  a  diameter  located  between  the  intake 
and  exhaust  valve,  see  reference  3. 

Radial,  Axial  and  Tangential  Turbulence.  Figure 
1  reports  the  filtered  turbulence  intensity  of  all  three 
velocity  components  at  1000  rpm,  for  the  high  swirl  case. 
For  all  components  the  turbulence  intensity  increases 
gradually  during  compression,  and  reaches  a  peak  at 
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■d  =  350° ,  decreasing  after  that  continuously  until  late 
expansion. 


Figure  2.  Radial,  axial  and  tangential  turbulence  intensity 
[m/s]  vs.  cut-off  frequency  at  TDC  and  1,000  rpm  for  the 
high  swirl  condition. 

The  peak  shortly  before  TDC  is  probably  due  to  breakup  of 
tumbling  vortices  (analysis  of  mean  flow  patterns,  not 
shown  here,  suggests  that  for  these  intake  conditions  sub¬ 
stantial  tumble  is  generated  and  sustained  throughout  the 
compression  stroke).  The  temporad  trend  is  almost  the  same 
for  the  three  components  (radial,  axial,  tangential),  but 
some  degree  of  anisotropy  is  apparent  around  TDC,  where 
the  axial  turbulence  intensity  is  higher  than  the  radial  and 
tangential  and  from  400°  to  440°  c.a.  where  the  radial  tur¬ 
bulence  intensity  is  higher  than  the  axial  tmd  tangential. 
The  ensemble  turbulence  intensities  however  exhibit  a 
different  behavior.  The  trend  is  highlighted  in  Fig.  2,  that 
shows  the  turbulence  intensity  of  all  three  components  as  a 
function  of  the  ‘cut  off  frequency  at  TDC.  At  =0, 
(ensemble  turbulence  intensity)  the  tangential  component  is 
of  higher  magnitude  than  the  axial  and  radial  ones. 
However,  for  all  relevant  for  the  engine  processes 
examined  and  taken  into  account  (i.e.  f^^=333-1000s'‘), 
the  axial  filtered  turbulence  intensity  is  higher  than  the 
other  two.  This  result  highlights  the  component-specific 
contribution  of  the  low  frequency  cycle-to-cycle  ariation  to 
the  ensemble  turbulence.  The  latter  is  therefore  not 
necessary  an  appropriate  measure  for  the  ‘true’  turbulence 
with  concern  to  engine  combustion. 

Influence  of  Engine  Speed.  Figure  3  shows  the 
dependence  of  the  radial  turbulence  intensity  on  the  cut-off 
frequency  at  different  engine  speeds.  Although,  the 
dependence  of  swirl  flow  and  ensemble  turbulence  intensity 
on  engine  speed  has  been  reported  frequently  in  the  past, 
see  references  11,  12,  13,  it  is  interesting  to  specifically 
observe  here  the  effect  of  on  u'^ .  The  results  refer  to 

the  low  swirl  condition  at  TDC  and  show  an  almost  linear 
incretise  with  engine  speed  for  the  ensemble  turbulence  in¬ 


tensity  {fco~^  )•  filtered  intensities 

( fgg  >  200Hz )  on  the  other  hand,  the  trend  is  different  in 
as  much  as  the  curve  for  lOOOrpm  is  collapsing  to  the  one 
for  600rpm  at  higher  f^g  ’s.  For  the  specific  example  of  the 
flame  propagation  in  S.I.  engines  therefore  (curve  denoted 
with  (*)),  no  linear  dependence  of  m'  on  engine  speeds 
holds. 


Figure  3.  Dependence  of  radial  turbulence  intensity  [m/s]  at 
TDC  on  cut-off  frequency  for  the  low  swirl  condition.  (*) 
denotes  =  f{rpm)  for  flame  propagation  in  S.I. 

engines. 


Figure  4.  Radial  filtered  turbulence  intensity,  [m/s],  vs. 
crank  angle  at  1,000  rpm  for  the  low  and  high  swirl  condi¬ 
tions. 

Low  and  High  Swirl.  In  Fig.  4  we  plot  the  ensem¬ 
ble  and  high  frequency  fluctuation  intensities  oftheradial 
mrbulence  intensity,  at  1000  rpm.  The  ensemble  turbulence 
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intensity  at  the  high  swirl  condition  is  generally  lower  than 
for  low  swirl  and  shows  an  increase  for  both  components 
(upper  curves)  during  compression  and  a  peak  around  345°. 
This  seems  to  have  its  origin  in  the  strong  radial  mean  flow 
component  prevailing  at  that  time  as  is  apparent  from  Fig. 
5.  At  low  swirl  ratio,  on  the  other  hand,  there  does  not  exist 
a  significant  radial  mean  flow  component  and  the  ensemble- 
rms  velocity  shows  a  monotonic  decay  from  340°  c.a.  on. 


Figure  5.  Ensemble  mean  velocity  [m/s],  vs.  crank  angle  at 
1,000  rpm  for  the  low  and  high  swirl  conditions. 


Figure  6.  Axial  ensemble  and  filtered  turbulence  intensities 
[m/s]  vs.  crank  angle  at  1,000  rpm  for  the  low  and  high 
swirl  conditions. 

Interestingly  enough  the  filtered  turbulence  intensi¬ 
ties  shown  in  the  lower  part  of  Fig.  4  and  corresponding  to 
fi-g  =  333Hz ,  exhibit  a  different  behavior.  First  the  mrbu- 

lence  intensities  u'^  are  higher  with  high  swirl  than  in  the 


low  swirl  case;  second,  the  sharp  increase  of  the  high-swirl 
ensemble  turbulence  intensity  around  335°  is  not  observed 
for  the  filtered  intensity.  This  can  be  interpreted,  as  indi¬ 
cative  of  low-ffequency  radial  velocity  fluctuations  in  the 
high-swirl  and  tumble  case,  which  is  probably  associated 
with  phenomena  like  phase-mismatch  and/or  axis  preces¬ 
sion  of  the  tumbling  motion  for  the  location  investigated. 
Except  for  this  small  crank  angle  interval  however,  the 
general  finding  according  to  Fig.  6  is  that  high  swirl  tends 
to  homogenize  and  stabilize  the  flow  pattern  in  the  combu¬ 
stion  chamber  (i.e.  to  reduce  low-frequency  fluctuations)  for 
most  of  the  part  of  the  engine  cycle. 


Figure  7.  Dependence  of  radial  and  axial  turbulence  inten¬ 
sity  [m/s]  at  TDC  on  cut-off  frequency  at  1,000  rpm 

Figure  7  is  quite  interesting  in  this  context  too.  For 
both  the  radial  and  axial  flow  components  the  filtered 
turbulence  intensity  is,  in  contrast  to  ensemble  intensities, 
higher  at  the  high  swirl  case.  The  trend  reversal,  i.e.  the 
intersection  (denoted  by  (*))  of  the  high-  and  low-swirl 
curves  occurs  for  both  components  around  lOOHz,  which  for 
the  given  engine  speed  of  lOOOrpm  corresponds  to  60°  c.a. 
In  any  case  the  u'^  relevant  for  all  considered  S.I.  and 

diesel  engine  processes  (i.e.  between  200  and  lOOOHz)  are 
consistently  about  20%-60%  higher  with  high  swirl  than 
with  low  swirl.  Beyond  this.  Fig.  7  suggests  that  a  certain 
anisotropy  of  the  turbulence  intensities  between  the  flow 
components  exists  throughout  the  frequency  range  (0- 
lOOOHz)  investigated. 

Another  issue  of  importance  and  interest  in  technical 
flows  is  the  frequency  distribution  of  the  turbulent  kinetic 
energy  at  a  certain  time  and  location  in  the  flow  field.  In 
Fig.  8  we  show  the  ensemble  power  spectrum  of  the  instan¬ 
taneous  axial  velocity  at  lOOOrpm  for  the  high  swirl  condi¬ 
tion.  Four  crank  angle  intervals  around  TDC  (each  being  40 
c.a.d.  wide)  have  been  considered  and  the  associated  power 
spectra  are  plotted  as  separate  curves  for  each  interval. 

Keeping  in  mind  that  an  important  restriction  for 
relevance  of  power  spectra  is  the  stationarity  of  the  under¬ 
lying  process  and  that  this  condition  is  in  our  case  even  for 
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every  one  of  those  rather  short  crank  angle  intervals  only 
approximately  fulfilled,  some  very  interesting  features  can 
be  observed  in  this  figure. 


Figure  8.  Ensemble  power  spectrum  of  the  axial  instantane¬ 
ous  velocity  computed  over  four  adjacent  crank  angle 

sectors  each  of  width  Ai3^  =  40°  c.a.,  at  1000  rpm  for  the 
high  swirl  condition  (TDC=360°  c.a.). 

First,  the  frequency  distribution  of  kinetic  energy  is 
quite  different  for  the  four  intervals  considered.  Energy 
containing  eddies  seem  to  be  predominant  late  during  the 
cycle  (intervals  (3)  and  (4)),  while  in  the  early  intervals 
more  kinetic  energy  is  contained  in  the  high  frequency 
range.  In  view  of  the  fast  dissipation  of  small,  high  fre¬ 
quency  eddies,  this  behavior  is  quite  reasonable,  since  in 
combustion  chamber  geometries  like  the  ones  investigated, 
turbulence  is  generated  very  early  in  the  engine  cycle,  i.e. 
during  intake  and  early  combustion.  Thus,  later  on  in  the 
expansion  stroke  mostly  large  low-frequency,  long  living 
structures  are  expected  to  dominate  the  frequency  distri¬ 
bution  of  the  turbulent  kinetic  energy  of  the  flow. 

Second,  the  slope  of  the  power  spectrum  over  fre¬ 
quency  is  nevertheless  similar  for  all  40°  c.a.  intervals 
considered,  and  lies,  plotted  in  double-logarithmic  scale, 
between  -5/3  and  even  closer  to  -1.  It  is  interesting  to  no¬ 
tice,  that,  while  for  homogeneous,  stationary  turbulence 
with  u'  <TJ  the  -5/3  dependence  can  be  shown  to  be  valid 
for  the  kinetic  energy  distribution  not  only  over  the  wave¬ 
length  but  over  frequency  of  the  turbulent  eddies  too  (see 
reference  6),  for  the  engine  case  considered  here,  where  the 
Taylor  Hypothesis  is  not  expected  to  be  justified,  a  slope  of 
-1  is  obtained  from  dimensional  arguments. 

Finally,  as  all  characteristic  frequencies  associated 
with  important  engine  combustion  processes  have  been 
shown  to  be  not  higher  than  about  IkHz  (with  the  exception 
of  time  scales  relevant  for  the  inner  structure  of  laminar 
flamelets  or  perhaps  tiny  droplet  evaporation),  from  the 
power  spectrum  of  Fig.  8  it  appears  that,  at  least  for  the 
engine  speed  and  the  high  swirl  conditions  considered,  the 
whole  internal  subrange  of  the  turbulent  kinetic  energy 
distribution  is  relevant  for  turbulent  engine  combustion. 


6.  CONCLUSIONS 

The  main  findings  of  the  work  carried  out  so  far  can  be 

summarized  as  follows; 

•  The  high  frequency  spectrum  of  the  velocity  fluctuations 
is  different  for  the  three  velocity  components,  while  the 
ensemble  averaged  fluctuations  are  rather  isotropic. 

•  The  relevant  high  frequent  turbulence  intensity  for  the 
engine  processes  taken  into  account  in  this  study,  in¬ 
crease,  however  not  linearly,  with  increasing  engine 
speed.  Though  the  intensity  of  the  fluctuations  about  the 
ensemble  averaged  mean  velocity  shows  linear 
dependence  on  engine  speed. 

•  When  high  swirl  prevails  in  the  cylinder  there  is  a 
significant  increase  of  the  high  frequent  part  of  turbu¬ 
lence. 

•  The  ensemble  power  spectrum  shows  a  decaying  turbu¬ 
lence  eddy  structure  during  late  compression  and  early 
expansion. 

•  A  relevant  ‘cut-off  frequency  for  premixed  engine  com¬ 
bustion  is  about  20  times  the  engine  frequency  while  for 
diesel  fuel  droplets  evaporation  is  of  the  order  of 
500Hz.  A  characteristic  ‘cut-off  frequency  for  chemical 
ignition  delay  in  diesel  engines  lies  around  lOOOHz. 
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ABSTRACT 

Laser-induced  fluorescence  (LIF)  has  been  used  to 
investigate  the  presence  and  location  of  liquid  fuel  films 
on  the  combustion  chamber  walls  of  a  port  fuel-injected 
engine.  A  fi-equency-tripled,  Nd:YAG  laser  provided  full- 
field  illumination  of  the  combustion  chamber  through  a 
window  in  the  piston  crown.  LIF  fi'om  liquid-phase  gaso¬ 
line  was  imaged  onto  a  gated,  intensified  solid-state  cam¬ 
era,  and  recorded  in  real-time,  synchronous  with  the  en¬ 
gine,  on  video  tape.  The  technique  has  been  demonstrated 
on  a  production,  four-valve  head,  comparing  open  and 
closed-valve  injection  timing.  A  cold  start  was  simulated 
by  motoring  the  engine  at  constant  speed  before  enabling 
injection  and  ignition.  For  open-valve  injection,  liquid 
fuel  was  observed  on  and  around  the  exhaust  valves  dur¬ 
ing  the  first  injected  cycle,  and  combustion  occurred  by 
the  fourth  cycle.  For  closed-valve  injection,  a  detectable 
fuel  film  was  seen  near  the  intake  valve  seat  by  the  fifth 
cycle,  and  combustion  began  by  the  eighth  cycle. 

1.  INTRODUCTION 

In  order  to  meet  future,  ultra-low  emission  vehicle 
(ULEV)  regulations  in  California,  significant  reductions 
will  need  to  be  achieved  in  unbumed  hydrocarbon 
(UHC)  emissions  during  cold  start.  Typically,  more  than 
60%  of  the  UHC  emissions  measured  during  the  Federal 
Test  Procedure  occur  in  the  first  two  minutes  when  the 
catalyst  is  not  yet  hot  enough  to  efficiently  convert  the 
UHC  in  the  exhaust.  Also  during  this  period,  the  tempera¬ 
tures  of  the  port  walls,  intake  valve(s),  and  combustion 
chamber  surfaces  are  too  low  to  fully  vaporize  the  liquid 
fuel.  As  a  result,  even  for  closed-valve,  port  fuel  injection 
(PFI),  liquid  fuel  can  enter  the  cylinder  during  intake,  and 
exist  in  the  combustion  chamber  both  as  droplets  and 
film-;  on  the  walls  and  in  crevices.  While  it  is  believed 
that  all  liquid  that  remmns  suspended  as  an  aerosol  dur¬ 
ing  compression  does  vaporize,  it  has  recently  become 
apparent  that  a  significant  portion  of  the  liquid  film  on 
the  walls  survives  compression  heating,  and  exists  there 
at  the  time  of  ignition.  Perhaps  even  more  surprising,  the 
thicker  of  these  liquid  films  appear  to  survive  combus¬ 
tion.  Thus,  although  it  is  well  known  that  crevices  are  the 
main  source  of  exhaust  UHC  under  steady,  operating  con¬ 


ditions,  it  is  likely  that  the  diffusion-controlled  burning 
of  liquid-fuel  films  is  a  major  contributor  to  UHC  emis¬ 
sions  during  a  cold  start. 

Three  related,  yet  distinctly  different  areas  for  inves¬ 
tigation  are  evident  The  first  is  droplet  sizing  and  dy¬ 
namics,  for  which  PDA  and  direct  imaging  have  been 
widely  used  in  the  past  few  years  to  study  droplets  in 
both  the  intake  port  and  cylinder.  The  second  is  the 
measurement  of  film  thickness.  Based  on  earlier  work  on 
the  measurement  of  cylinder-wall  oil-film  thickness  by 
Smart  and  Ford,  (1974)  and  Hoult  et  al.  (1987),  Le  Coz  et 
al.  (1994)  and  Almkvist  et  al.  (1995)  used  LIF  to  measure 
liquid-fuel  film  thickness  in  the  intake  port,  both  at  a 
single  point  and  along  a  line  excited  by  a  laser  sheet. 

The  third  area  of  interest  is  the  location  of  liquid- 
fuel  films,  which  has  been  investigated  using  a  number  of 
direct-imaging  techniques.  Shin  et  al.  (1994)  performed 
high-speed  digital-video  recordings  (1000  fps)  of  liquid 
films  on  the  flat  head  and  quartz  walls  of  a  square-piston 
engine.  They  used  indirect  lighting  to  observe  the  evolu¬ 
tion  of  the  films  from  a  20‘’C  cold  start  until  the  cylinder 
wall  temperature  approached  100°C  (after  approximately  2 
minutes).  The  resulting  visualizations  led  them  to  charac¬ 
terize  the  in-cylinder  liquid  film  distribution  according 
to  the  three  merhanijans  by  which  they  are  believed  to 
have  formed;  1)  A  thick  film  on  the  valve  fece  and  around 
the  seat,  formed  by  a  liquid  film  flowing  fi'om  the  port  side 
of  the  valve;  2)  A  thin  film  on  the  combustion  chamber 
surfaces  fiom  impingement  of  the  droplet  stream  created  by 
strip-atomization  off  the  valve  seat  area;  3)  Isolated  pud¬ 
dles  formed  by  the  accumulation  of  splashed  drops  created 
by  the  intake-valve  closing  process  (literally  a  squeezing 
of  the  liquid  in  the  seat  area  as  the  valve  closes).  The  in¬ 
terpretation  of  the  results  indicates  that  the  latter  two 
film-types  disappear  quickly  (within  one  cycle)  during 
the  combustion  process,  even  in  the  early  cycles,  while 
the  first  film-type  persists  for  up  to  one  minute.  Because  of 
the  low  compression  ratio  of  this  engine,  6.07,  there  is 
some  question  as  to  applicability  of  the  results  to  a  more 
realistic  engine  with  a  pent-roof  geometry.  The  fuel  used 
in  these  tests  was  indolcne,  the  engine  speed  was  1000 
rpm,  and  the  manifold  pressure  was  50-60  kPa. 


13.3.1 


Fry  et  al.  (1995)  perfoimed  a  similar  study  using  a 
copper-vapor  laser  as  the  light  source,  and  a  high-speed 
movie  camera  to  visualize  liquid  fuel  in  direct  backscatter 
through  a  window  in  the  piston  crown.  They  found  it 
necessary  to  polish  the  combustion  chamber  walls,  so  the 
liquid  fuel  would  appear  as  dark  shadows.  During  induc¬ 
tion,  they  determined  that  wall  films  formed  in  the  apex 
area  of  the  wedge-shaped  chamber  and  in  the  crevices 
around  the  intake  and  exhaust  valves.  These  films  re¬ 
mained  in  these  locations  during  compression  and  com¬ 
bustion,  and  then  were  scavenged  fiom  the  wall  during 
the  exhaust  blowdown  period,  where  the  liquid  was  car¬ 
ried  directly  into  the  exhaust  ports. 

Both  of  these  studies  used  direct,  visible- 
wavelength  illumination  of  the  liquid  fuel.  This  can  be 
rather  difficult,  since  the  thin  fuel  films  are  essentially 
transparent,  and  thus  their  detection  is  dependent  on 
scattering  properties  different  from  those  of  the  surround¬ 
ing  walls  of  the  combustion  chamber.  Saito  et  al.  (1995) 
solved  this  discrimination  problem  by  using  fluorescence 
induced  by  full-field  illumination  with  mercury  lamps. 
They  observed  liquid  fuel  on  the  walls  of  a  quartz  cylin¬ 
der  liner.  A  high-sensitivity,  conventional-speed  video 
camera  was  used  to  record  the  images,  implying  a  fiaming 
rate  of  either  30  or  60  Hz,  depending  on  whether  full- 
fiame  or  single-field  recording  was  used.  They  were  only 
able  to  observe  films  on  the  cylinder  wall;  neither  the 
head  nor  the  piston  crown  were  in  the  field-of  view.  Their 
results  show  considerably  greater  wall-wetting  for  open- 
valve  injection  (OVI)  as  compared  to  closed-valve  injec¬ 
tion  (CVI),  and  greater  wall-wetting  for  a  conventional 
injector  as  compared  to  an  air-assisted  injector.  During 
the  compression  stroke,  the  fuel  that  was  deposited  on  the 
cylinder  wall  during  induction  is  scra^d  off  by  the  top 
ring  and  forced  into  the  top-land  crevice.  As  top-dead- 
center  (TDC)  is  approached  and  combustion  occurs,  the 
increased  pressures  force  liquid  fuel  into  the  second  land, 
where  it  mixes  with  oil.  With  the  begiiming  of  the  expan¬ 
sion  stroke,  the  liquid  fuel  in  the  top-land  is  laid-down 
on  the  cylinder  wall  as  a  thin  film,  with  fer  greater  area 
than  it  occupied  during  induction.  The  authors  note  that 
this  thin  film  is  not  consumed  by  combustion,  but  rather 
that  it  vaporizes  as  unbumed  HC  when  the  pressure  falls 
in  the  exhaust  stroke. 

Felton,  et  al.  (1995)  used  a  similar  ^proach  to  ob¬ 
serve  liquid-fuel  films  on  the  walls  of  the  intake  port. 
They  used  a  fi-equency-tripled  Nd:YAG  laser  as  the  exci¬ 
tation  light  source,  which  entered  the  intake  port  through 
a  quartz  periscope.  A  small  lens  expanded  the  laser  beam 
to  illuminate  the  back  walls  of  the  port  The  LIF  signal 
was  collected  with  a  fiberscope  and  imaged  onto  an  in¬ 
tensified  CCD  camera.  Because  of  the  slow  firaming  rate  of 
the  camera,  a  single  image  was  obtained  each  engine  cy¬ 
cle,  recorded  either  directly  onto  video  tape  or  into  com¬ 
puter  memory.  The  results  obtained  for  a  cold  start  fixxn 
20°C  showed  a  continual  increase  in  the  liquid  area  indi¬ 
cated  by  the  fluorescence  image  for  about  30  seconds.  By 
integrating  the  intensity  of  the  LIF  signal  over  a  selected 
region  of  each  image,  a  semi-quantitative  curve  of  signal 
intensity  versus  time  was  obtained.  This  curve  reached  a 
maximum  at  about  2  minutes,  and  then  fell  to  about  60%  of 
the  maximum  at  about  4  minutes;  it  stayed  constant  at  this 
value  until  8  minutes,  when  it  fell  again  to  a  value  of  10% 
of  maximum  at  1 1  minutes.  No  explanation  of  the  plateau 


at  60%  is  given,  but  it  may  represent  a  condition  where 
the  wall  temperature  in  40%  of  the  integration  region  has 
exceeded  the  high-end  boiling  point  of  the  fuel. 

The  significance  of  the  results  obtained  with  this 
technique,  together  with  its  simplicity  and  ability  to 
clearly  discriminate  liquid-fuel  films  fiom  dry  surfaces, 
inspired  us  to  apply  it  to  image  liquid  films  on  the  com¬ 
bustion  chamber  walls,  as  observed  through  a  window  in 
the  piston  crown.  Of  particular  interest  are  differences  in 
the  amount  and  location  of  liquid-fuel  films  during  a 
simulated  cold  start  for  CVI  versus  OVI. 

2.  ENGINE  FACILITY 

The  engine  configuration,  shown  in  Fig.  1,  consists 
of  an  extended  cylinder  with  transparent  piston  for  opti¬ 
cal  access  finm  below.  The  piston  is  unlubricated  and 
uses  a  bronze-loaded  Teflon®  rider  ring  to  prevent  it  firm 
directly  contacting  the  cylinder  wall.  The  top  ring  is  a 
sealing  ring  made  ofVespel®,  a  graphite-filled  polyimide 
material.  The  sapphire  window  in  the  piston  provides 
optical  access  to  80  percent  of  the  cylinder.  The  head  is  a 
complete,  unmodified  1994  General  Motors  Quad-4,  with 
the  #3  combustion  chamber  aligned  with  the  single  cyl¬ 
inder  block,  and  the  compression  ratio  is  9.5.  Both  the 
coolant  and  oil  systems  are  active  along  the  entire  length 
of  the  head,  but  all  fluid  passages  that  would  normally 
mate  with  the  block  are  plugged,.  A  closed-loop  system 
maintains  the  coolant  temperature  to  a  preset  value, 
within  a  few  degrees.  Finally,  an  uncooled  piezoelectric 
pressure  transducer  is  installed,  flush  with  the  combus¬ 
tion  chamber  wall. 


Fig.  1  Single  cylinder  engine  with  extended  pis¬ 
ton  for  optical  access.  The  camera  and  laser  illumi¬ 
nation  share  the  same  field-of-view  via  a  dichroic 
mirror. 
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The  engine  was  fueled  with  commercial,  87  octane 
gasoline  injected  through  a  standard,  single-spray  fuel 
injector  (with  a  nominal  12°  cone  angle).  As  opposed  to 
the  stock  fuel  rail,  we  used  a  ‘once-through’  system, 
where  the  fuel  was  supplied  fiom  a  one-liter  vessel  pres¬ 
surized  with  nitrogen  to  270  kPa. 

The  cold  start  simulation  consisted  of  motoring  the 
engine  at  a  constant  speed,  and  then  initiating  fuel  injec¬ 
tion  and  ignition.  A  300  ipm,  wide-open-throttle  condi¬ 
tion  was  used  in  the  current  work  for  ease  of  implementa¬ 
tion  and  demonstration  of  the  new  diagnostic  techniques 
we  are  using.  With  the  exception  of  engine  speed,  all  en¬ 
gine  and  data  acquisition  events  are  controlled  by  a  dedi¬ 
cated  PC.  An  absolute-position,  shaft  encoder  attached  to 
the  intake  camshaft,  with  one  crank-angle-degree  (CAD) 
resolution,  provides  the  crankshaft  position  for  the  en¬ 
gine  controller.  Start-of-fuel-injection,  ignition,  laser 
firing,  and  image-grab  timing  are  all  performed  in  the 
crank-angle  domain,  as  determined  from  die  shaft  encoder. 
End-of-fuel-injection,  however,  and  thus  injection  dura¬ 
tion,  is  controlled  by  a  timing  board  in  the  computer.  This 
is  done  to  assure  that  the  same  amount  of  fuel  is  injected 
each  engine  cycle,  irrespective  of  instantaheous  changes 
in  engine  speed  that  occur  when  combustion  first  begins, 
and  when  combustion  is  unstable  due  to  misfires  and 
slow  or  partial  burning  cycles. 

While  it  is  straightforward  to  record  LIF  images  di¬ 
rectly  into  computer  memoiy  using  a  standard  fiame- 
grabber  interface  board,  the  large  number  of  images  in¬ 
volved  in  a  typical  cold-start  test  sequence  make  the  use 
of  real-time  video-tape  recording  preferable.  One  image  is 
obtained  by  the  fiame  grabber  each  engine  cycle,  and  is 
continually  output  to  tape  at  normal  video  framing  rates 
until  the  next  image  is  grabbed.  We  have  found  that  the 
playback  of  the  video  recording  is  much  more  useful  if  it 
is  aimotated  with  the  cycle  number  of  each  image  and  the 
combustion  chamber  geometry,  showing  the  location  of 
valves,  spark  plug,  and  squish  areas.  We  therefore  have 
developed  a  software  package  that  utilizes  an  overlay- 
plane  capability  with  the  flame-grabber  board  (Coreco 
Oculus  TCX)  that,  in  efiect,  creates  a  mask  that  overlays 
the  LIF  images.  Only  the  portion  of  the  mask  that  corre¬ 
sponds  to  the  clear  aperture  of  the  window  in  the  piston 
is  transparent,  permitting  display  of  the  LIF  image.  This 
blocks  all  irrelevant  parts  of  the  image  outside  the  field- 
of-view  through  the  window.  The  mask  consists  of  a  line 
drawing  of  the  combustion  chamber  and  is  positioned  and 
scaled  to  align  with  the  actual  head  configuration. 

3.  OPTICAL  SETUP 

The  optical  system  we  used  for  the  LIF  imaging  experi¬ 
ments  is  illustrated  schematically  in  Fig.  2.  The  light 
source  for  excitation  was  a  frequency-tripled,  Nd:YAG 
laser  operating  at  10  pulses/sec  and  30  mJ  at  355  nm.  The 
laser  pulses  were  synchronized  to  the  engine  crank-angle 
via  the  shaft  encoder  and  engine  controller.  The  laser  out¬ 
put  beam  was  exptmded  into  a  light  field  by  lens  Li,  a 
spherical,  plano-concave  lens  with  a  focal  length  of -100 
mm.  This  expanding  light  field  was  then  directed  into  the 
engine  cylinder  through  the  window  in  the  piston  by 
mirrors  M2  and  Mj,  such  that  the  laser  light  completely 
filled  the  window  aperture  to  thecombustion  chamber. 
The  fluorescence  emission  retraced  the  same  optical  path 


Fig.  2  Optical  setup  for  full-field  LIF  imaging  of  the 
combustion  chamber. 


as  the  laser  beam  until  it  reached  the  dichroic  mirror  M2, 
where  it  passed  directly  through  to  the  video  camera. 

The  dichroic  mirror  M2  was  coated  for  maximum  re¬ 
flectance  at  355  nm  to  reflect  the  incident  laser  light  field, 
and  for  maximum  transmittance  between  400  and  600  nm 
to  transmit  the  fluorescence  emission.  The  piston  mirror 
Ms  was  coated  with  UV-enhanced  aluminum  having  a 
reflectivity  of  90%  at  355  nm.  This  coating  is  adequate 
because  the  energy  density  of  the  laser  light  is  reduced  by 
the  expansion  of  the  field  to  a  level  below  the  damage 
threshold.  Between  400  and  600  nm  this  coating  has  a 
reflectance  of  90  to  95%,  which  is  quite  acceptable  for 
reflecting  the  fluorescence  emission.  The  light  entering 
the  camoa  lens  was  passed  through  a  narrow  band-pass 
filter  to  reject  extraneous  background.  The  maximum 
transmission  of  the  filter  was  at  450  nm,  with  a  FWHM  of 
10  nm. 

The  intensified  video  camera  captured  the  image  on 
a  340  by  480  CCD  array  with  a  105  mm,  fr2.8  camera  lens. 
The  intensifier  was  gated  synchronously  with  the  laser 
Q-switch  signal,  and  the  LIF  images  were  obtained  with  a 
PC-based  video  frame  grabber  also  synchronized  to  the 
engine  by  the  engine  controller. 

4.  FLUORESCENCE  CHARACTERIZATION 

A  variety  of  compounds  have  been  used  to  observe 
LIF  fican  fuel  films  in  engines,  with  the  choice  generally 
depending  on  the  application.  For  quantitative  measure¬ 
ments  of  fuel-film  thickness,  Almkvist  et  al.  (1995)  doped 
isooctane  with  3-pentanone,  selected  for  its  close  match 
with  the  boiling  point  of  this  single-component  fuel 
(99°C).  Le  Coz  et  d.  (1994)  performed  a  comprehensive 
study  of  the  liquid/vapor  phase  equilibrium  of  isooctane 
and  six  potential  dopants,  and  showed  that  it  is  not  ade¬ 
quate  simply  to  match  the  boiling  points,  since  when 
mixed  with  isooctane  at  low  concentrations,  the  effective 
boiling  point  of  the  dopant  is  reduced.  They  obtained 
their  best  results  using  dopants  with  boiling  points  of 
about  130°C. 
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For  multicomponent  fuels,  it  is  fer  more  difficult  to 
perform  quantitative  LIF  because  of  the  different  boiling 
temperatures.  However,  if  the  fluorescing  molecule  has  a 
boiling  point  near  the  high-temperature  end  of  the  fuel 
distillation  curve,  then  it  can  be  argued  that  LIF  can  be 
used  to  measure  the  shape  and  area  of  liquid  films.  In  addi¬ 
tion,  if  the  area  of  the  liquid  film  is  always  growing  dur¬ 
ing  the  period  of  measurement,  then  a  dopant  with  an  even 
higher  boiling  point  can  be  used,  although  it  might  be 
necessary  to  clean  surfaces  of  residue  between  tests.  Saito, 
etal.  (1995)  used  Xanthene  dye  added  to  an  unspecified 
fuel  to  distinguish  it  from  oil  films.  Xanthene  has  a  melt¬ 
ing  point  of  102  °C  and  a  boiling  point  of  310  °C,  which 
suggest  that  it  will  leave  a  residue  if  it  is  not  consumed 
by  combustion.  Felton  et  al.  (1995)  used  Unocal  RF-A 
test  fuel,  which  for  visual  identification  purposes  con¬ 
tains  Oil  Purple  M  Liquid  dye.  They  found  that  the  fuel 
fluoresced  strongly  when  excited  by  UV  light,  and  specu¬ 
lated  that  the  dye  was  the  souree  of  the  fluorescence.  For 
the  dye  concentration  used  in  RF-A,  they  observed  no 
residual  fluorescence  signal  fiom  intake  port  walls  after 
complete  evaporation  of  the  fiiel.  Because  their  experiment 
to  observe  liquid-fuel  film  was  quite  simple  and  yet  suc¬ 
cessful,  we  chose  to  investigate  the  use  of  this  dye  as  a 
fluorescing  dopant  for  regular  grade  gasoline. 

In  order  to  understand  better  the  fluorescence  char¬ 
acteristics  of  the  various  liquids  that  might  be  encoun¬ 
tered  in  the  combustion  chamber  of  our  engine,  we  made 
use  of  a  luminescence  spectrometer.  This  device  allows 
the  investigation  of  fluorescence  characteristics  of  liquid 
samples  under  tightly  controlled  conditions.  Spectral 
excitation  scans  can  be  run  at  a  fixed  emission  wave¬ 
length;  or  spectral  emission  scans  can  be  run  at  a  fixed 
excitation  wavelength.  For  the  purposes  of  the  current 
work,  we  performed  emission  scans  at  an  excitation  wave¬ 
length  of  355  nm  to  examine  isooctane,  a  single¬ 
component,  straight-chain,  paraffinic  fuel;  87  octane  gaso¬ 
line  (direct  fiom  the  pump),  a  multicomponent  fuel  con¬ 
taining  various,  unknown  additives;  lOw-30  motor  oil,  a 
potential,  in-cylinder  contaminant  of  liquid  fiiel  films; 
and  Oil  Purple  M  Liquid  dye,  a  fuel  additive  used  to  pro¬ 
vide  color  for  visual  identification  of  special  fuels,  and  a 
substance  that  has  been  suspected  of  yielding  strong 
fluorescence  emissions  when  excited  with  UV  light 

We  chose  to  examine  isooctane  because  it  is  a  pure, 
single  component  liquid  known  to  have  a  weak  fluores¬ 
cence  response.  This  is  confirmed  in  Fig.  3,  where  we  have 
plotted  the  emission  scans  for  pure  isooctane,  isooctane 
with  enough  dye  added  to  create  an  obvious  purple  tint, 
and  isooctane  with  a  small  quantity  (<5%)  of  motor  oil 
dissolved  in  it.  The  pure  isooctane  eidiibits  only  a  weak 
fluorescence  emission  between  360  and  600  nm,  with  a 
small  peak  near  395  nm.  The  addition  of  the  dye  caused  a 
small  but  insignificant  increase  in  the  amplitude  of  the 
fluorescence  emission,  and  the  spectral  characteristics 
were  unchanged.  On  the  other  hand,  oil  dissolved  in  the 
isooctane  caused  an  order-of-magnitude  increase  in  the 
amplitude  of  the  signal,  along  with  a  change  in  the  spec¬ 
tral  characteristics.  Note  that  the  isooctane  peak  at  395 
nm  can  still  be  observed  along  with  the  strong  oil  peak  at 
390  nm. 

Having  obtained  the  isooctane  results  described 
above  as  a  reference,  we  next  performed  the  same  series  of 
tests  with  87  octane,  “pump”  gasoline.  These  results  are 


Fig.  3  Fluorescence  signal  of  pure  isooctane  and 
with  oil  and  dye  added. 


illustrated  in  Fig.  4,  where  the  fluorescence  fiom  straight 
gasoline  (without  oil  or  dye)  is  seen  to  be  many  times 
stronger  than  that  fiom  pure  isooctane.  The  spectrum  ex¬ 
hibits  a  double-peaked  behavior,  with  a  minor  peak  at 
410  nm  and  a  major  peak  at  450  nm  Notice  also  Aat  the 
peak  fluorescence  signal  fiom  gasoline  is  a  factor-of-two 
stronger  than  that  from  isooctane  with  oil  dissolved  in  it, 
and  at  450  nm  the  ratio  of  their  signals  is  about  sbe  How¬ 
ever,  the  most  interesting  aspect  of  these  data  is  that  the 
dissolution  of  small  amounts  of  dye  or  oil  (the  same 
amounts  as  used  with  the  isooctane)  only  has  the  effect  of 
reducing  the  magnitude  of  the  fluorescence  emission.  The 
feet  that  the  characteristics  of  the  fluorescence  emission 
spectra  are  similar  indicates  that  the  oil  or  dye  dissolved 
in  the  gasoline  only  absorbs  the  excitation  light  at  355 
nm  (reducing  the  excitation  of  the  gasoline),  and  does  not 
absorb  or  trap  the  LIF,  since  the  latter  would  be  wave¬ 
length  dependent.  Furthermore,  while  Fig.  3  showed  fluo¬ 
rescence  due  to  oil  and  dye  dissolved  in  isooctane  in  the 
spectral  region  from  360  to  600  nm,  Fig.  4  indicates  that  it 
is  insignificant  compared  to  the  fluorescence  fiom  gaso¬ 
line  alone. 
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Fig.  4  Fluorescence  signal  of  pure  87  octane  gaso¬ 
line  and  with  oil  and  dye  added. 
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The  above  observations  lead  us  to  conclude  that 
gasoline  alone  will  provide  a  good  fluorescence  signal  to 
locate  the  presence  of  liquid  inside  the  engine  intake  port 
or  combustion  chamber,  without  the  need  to  add  dopants. 
Furthermore,  if  the  fluorescence  emission  is  high-pass 
filtered  above  440  nm,  the  major  peak  of  the  gasoline  fluo¬ 
rescence  should  be  observed  without  serious  conflict 
with  fluorescence  from  engine  oil  that  is  either  pure  or 
dissolved  in  gasoline. 

Finally,  we  performed  two  simple  studies  in  con¬ 
trolled  environments  to  examine  the  fluorescence  fran 
residue  left  behind  after  the  evaporation  of  gasoline.  In 
the  first  test,  we  placed  several  drops  of  liquid  on  thin 
quartz  disks  and  allowed  the  liquid  to  evaporate  by  leav¬ 
ing  the  disks  in  an  oven  at  75  °C  for  15  hours.  We  tested 
three  liquids  -  gasoline,  pure  isooctane  and  isooctane 
with  enough  dye  added  to  give  the  liquid  a  slight  purple 
tint  -  with  the  objective  of  identifying  how  the  residues 
respond  to  excitation  from  laser  light  at  355  nm.  The  re¬ 
sults  revealed  that  the  residues  from  pure  isooctane  and 
isooctane  with  dye  produced  insignificant  fluorescence, 
while  the  residue  fimi  gasoline  fluoresced  enough  to 
suggest  that  it  could  confuse  interpretation  of  images  of 
liquid  fuel  films. 

In  the  second  test,  we  simulated  the  repeated  wet¬ 
ting  and  evaporation  of  gasoline  frran  a  valve.  We  placed 
a  production  valve  in  a  holding  device  with  the  valve 
free  oriented  upward.  A  liberal  amount  of  gasoline  was 
sqjplied  to  the  valve  face,  and  then  the  valve  was  placed  in 
an  oven  at  170  °C.  As  soon  as  the  valve  reached  a  tem¬ 
perature  that  evaporated  the  fuel,  a  second  film  of  fuel  was 
applied.  This  was  repeated  three  times,  and  then  the  valve 
was  baked  for  20  minutes.  We  then  exposed  the  valve  to 
355  nm  laser  light,  and  observed  fluorescence  from  the 
polished  surfaces  of  the  valve  face;  a  yellowish  film  was 
also  visible  to  the  unaided  eye.  Somewhat  to  our  surprise, 
the  unpolished,  rough-casting  region  in  the  center  of  the 
valve  did  not  fluoresce  except  in  one  small  region.  This 
result  is  consistent  with  the  observation  of  Felton  et  al. 
(1995),  who  found  that  they  did  not  need  to  clean  the 
intake  port  walls  between  cold  start  tests  using  LIF. 

5.  CONTROLLED  SIMULATION 

Before  beginning  the  LIF  experiments  in  the  operat¬ 
ing  engine,  we  decided  it  would  be  useful  to  set  up  a 
benchtop  simulation  for  evaluation  and  refinement  of  the 
technique  under  controlled  conditions.  To  this  end,  we 
positioned  a  cylinder  head  on  an  optical  bench  and  used 
the  optical  system  described  above  to  look  at  several 
different  aspects  of  the  problem  under  static  conditions, 
without  the  complications  of  the  transparent  piston,  peri¬ 
scope  mirror  and  an  operating  engine. 

The  first  issue  we  addressed  was  the  primary  back¬ 
ground  signal.  This  includes  elastic  scattering  of  laser 
light  and  broadband  LIF  fixxn  combustion  chamber  sur¬ 
faces.  The  image  illustrated  in  Fig.  5a  is  a  typical  example 
of  these  sources  of  background,  where  the  two  intake 
valves  are  at  the  top.  The  brightest  areas  in  the  image  are 
the  smooth,  machined  surfaces  of  the  squish  region  be¬ 
tween  the  intake  valves,  the  apex  of  the  pent-roof  head, 
and  the  sparkplug.  The  source  of  this  light  is  most  proba¬ 
bly  a  combination  of  reflected  laser  light  and  LIF  fiom 
deposits  and  soot.  To  create  Fig.  5b,  we  placed  a  narrow 


bandpass  filter  (maximum  transmission  (Tmax)  at  450  nm, 
with  10  nm  FWHM)  in  front  of  the  camera,  which  effec¬ 
tively  rejected  most  of  the  extraneous  background  signal. 
The  remaining  signal  seen  in  Fig.  5b  is  due  to  oil  that 
enters  the  ports  through  the  valve  guides  and  collects 
around  the  valve  seats.  Prior  to  performing  these  experi¬ 
ments,  we  carefully  cleaned  the  intake  valve  seat  in  the 
upper  left  of  the  image  to  verify  the  cause  of  this  effect.  The 
total  lack  of  signal  from  the  clean  valve  seat  indicates  that 


Fig.  5  Effects  of  band-pass  filtering  and  back¬ 
ground  subtraction 
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oil  and/or  other  contaminants  do,  indeed,  cause  back¬ 
ground  in  the  images.  From  these  results,  we  concluded 
that  the  filter  would  remove  most  of  the  primary  back¬ 
ground  signal,  but  we  would  still  have  to  use  back- 
groimd  subtraction  to  remove  the  secondary  background 
signal  and  further  enhance  the  quality  of  the  images. 

In  order  to  verify  that  background  subtraction 
could  reduce  the  secondary  background  signal  without 
seriously  affecting  the  desired  data,  we  created  a  simula¬ 
tion  of  liquid  films  on  two  of  the  valves  and  recorded  an 
LIF  image.  We  placed  several  drops  of  oil  on  the  lower 
left  valve  and  several  drops  of  gasoline  on  the  lower  right 
valve.  Due  to  the  high  surface  tension  of  the  oil,  it  formed 
a  thick,  localized  film  on  the  fece  of  the  valve,  while  the 
lower  surface  tension  of  gasoline  allowed  it  to  form  a  thin 
film  that  spread  over  most  of  the  lower  half  of  the  valve 
face.  The  LIF  image  of  these  films  is  shown  in  Fig.  5c,  and 
illustrates  a  strong  signal  fiom  the  thick  oil  film  along 
with  a  somewhat  weaker  signal  fiom  the  thinner  gasoline 
film.  We  removed  the  background  firm  the  liquid-film 
image  by  simply  subtracting  the  image  in  Fig.  5b  fiom  the 
image  in  Fig.  5c.  The  result  is  shown  in  Fig.  5d.  Clearly, 
the  background  subtraction  procedure  has  enhanced  the 
data  without  any  serious  detrimental  effects. 

6.  ENGINE  RESULTS 

LBF  images  were  obtained  for  two  test  sequences 
involving  OVI  and  CVI  of  a  stoichiometric  mixture.  End- 
of-injection  was  at  440  CAD  and  700  CAD,  respectively, 
where  720  CAD  is  TDC  of  compression.  We  recorded  the 
cylinder  pressure  and  used  it  to  compute  the  gross,  indi¬ 
cated-mean-effective-pressure  (IMEP).  These  results, 
which  are  summarized  in  Fig.  6,  indicate  first-measurable 
heat  release  in  cycle  #4  with  OVI,  while  with  CVI  this 
did  not  occur  until  cycle  #8  or  9.  The  large  negative 
IMEP  in  cycle  #1 1  for  CVI  is  the  result  of  flashback  into 
the  intake  port  that  occurred  when  the  intake  valve  first 
opened.  Combustion  in  cycle  #10  was  probably  complete, 
but  somewhat  slow,  leading  to  residui  gas  that  was  se¬ 
verely  underexpanded  and  unusually  hot  at  the  time  of 
valve  overlap.  This  resulted  in  ignition  of  the  ftesh  charge 
in  the  intake  port,  leading  to  low-density  products  filling 
the  chamber  in  cycle  #11.  This  was  followed  by  very 
good  combustion  in  cycle  #12,  probably  due  to  better 
fuel  vaporization  in  the  port  caused  by  the  flashback. 
Cycle  #13  had  a  null  IMEP,  for  unknown  reasons,  fol¬ 
lowed  by  another  good  bum  because  of  a  high  level  of 
fresh  charge  in  the  residual  gas. 

By  cycle  #20,  combustion  has  stabilized  and  the 
IMEP’s  for  OVI  and  CVI  are  nearly  the  same.  We  chose 
not  to  present  results  past  this  point,  because  after  cycle 
#30  there  is  a  considerable  accumulation  of  soot  clearly 
visible  on  the  piston  window.  On  first  thought,  one 
might  expect  soot  to  block  the  laser  excitation  and/or 
fluorescence,  causing  extinction  of  the  LIF  signal.  How¬ 
ever,  the  signal  clearly  persists,  leading  us  to  conclude 
that  the  soot  traps  the  heavy-ends  of  the  fuel  and/or  fuel 
additives  and  oil,  creating  a  fluorescing  mixture  of  resid¬ 
ual  gunk.  Because  this  would  no  longer  be  representative 
of  a  pure  liquid-fuel  film,  we  will  leave  study  of  it  to  an¬ 
other  day. 

LIF  results  for  CVI  and  OVI  are  shown  in  Figs.  7  and  8, 
respectively.  The  numbers  in  the  upper  left-hand  comer 


Fig.  6  Gross  IMEP  for  the  first  20  cycles  of  a 
simulated  cold  start,  comparing  OVI  with  CVI. 


are  the  cycle  number  of  the  image,  where  the  particular 
fiumes  shown  were  selected  as  a  good  representation  of 
the  evolution  of  the  fuel  film  for  the  two  cases  presented. 
The  largest  circle  in  the  superimposed  mask  of  cylinder 
features  corresponds  to  the  cylinder  bore,  and  the  smaller 
circle  represents  the  clear  aperture  of  the  window  in  the 
piston.  The  triangular  tip  of  the  squish  region  between 
the  two  intake  valves  on  the  left  side  is  visible  in  the 
field-of-view,  whereas  the  exhaust  side  squish  region 
cannot  be  seen. 

For  the  CVI  case  shown  in  Fig.  7,  liquid  fuel  can  be 
observed  in  the  intake- valve  seat  crevices  by  cycle  #5, 
and  perhaps  even  in  cycle  #2  as  well  (for  the  two  earliest 
images  in  this  sequence,  it  would  have  been  better  not  to 
include  the  valve  diagram  in  the  mask,  since  it  hides  low 
levels  of  LIF  fiom  within  the  crevice).  As  the  sequence 
progresses,  this  fuel  film  propagates  away  fiom  the  intake 
valve  seat  crevice  and  across  the  head  surface;  we  believe 
it  is  on  the  head,  and  not  the  piston,  because  it  flows 
around  the  spark  plug  and  does  not  cover  the  faces  of  the 
exhaust  valves. 

A  liquid-film  first  appears  in  the  squish  region  on 
the  intake- valve  side  in  cycle  #10.  Because  the  film  fol¬ 
lows  the  contour  of  the  squish  area,  it  is  definitely  on  the 
head,  and  not  the  piston.  It  would  appear  that  liquid  fuel 
stripped  off  the  intake  valve  strikes  the  near-vertical  wall 
leading  to  the  squish  area,  distinctly  marking  its  contour. 
By  cycle  #15,  this  squish  area  is  totally  covered  by  liq¬ 
uid,  and  tile  film  has  also  grown  to  cover  a  significant 
portion  of  the  intake-valve  faces.  We  can  only  speculate 
as  to  the  location  of  these  later  films,  but  because  we  can 
visually  see  fuel  residue  on  the  piston  in  these  areas 
when  we  stop  a  test,  and  do  not  see  similar  amounts  of 
residue  on  the  valves  and  head,  we  are  reasonably  certain 
that  they  reside  primarily  on  the  piston. 

For  the  OVI  case  shown  in  Fig.  8,  liquid  fuel  is 
clearly  evident  in  the  first  cycle.  Because  this  image  in 
not  spatially  resolved  along  the  optical  path,  we  can  only 
speculate  as  to  whether  the  fuel  is  on  the  piston,  head  or 
both.  However,  we  believe  that  the  large  spot  on  the  ex¬ 
haust  valve  side  is  most  likely  located  on  the  piston,  and 
that  the  small  spot  rmder  the  upper  intake  valve  is  located 
on  the  valve  face.  This  latter  spot,  and  the  analogous  one 
that  first  appears  on  the  lower  intake  valve  in  cycle  #2, 
we  find  interesting.  These  regions  grow  as  near  semi- 
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circles,  with  a  significantly  thicker  film  near  the  film’s 
leading  edge  (based  on  the  LIF  intensity).  Recalling  that 
the  injector  used  produces  a  single  spray  aimed  at  the 
septum  dividing  the  two  intake-valve  ports,  these  semi¬ 
circular  films  appear  to  be  the  result  of  fuel  that  has  im¬ 
pacted  the  back  of  the  valve  and  moved  along  the  surface 
around  the  valve  seat  and  onto  the  face.  Note  also  that  by 
cycle  #5  a  liquid  film  is  visible  along  the  entire  intake 
valve  crevice,  similar  to  what  we  saw  for  CVI.  We  believe 
that  the  film  in  the  scat  crevices  is  ftom  the  flow  of  liquid 
films  collecting  initially  on  the  port  side  of  the  valves, 
and  that  the  semi-circular  films  on  the  intake  valve  faces 
are  fi-om  direct  impingement  of  the  spray  on  the  back  of  the 
valve  seat  during  OVI. 

For  OVI,  the  film  is  slower  to  develop  in  the  squish 
region  on  the  intake  side  than  it  did  with  CVL  Note, 
however,  that  in  cycle  #15  the  film  in  this  region  clearly 
follows  the  contour  of  the  valve  seat,  with  this  trend  con¬ 
tinuing  into  cycle  #20,  suggesting  that  the  observed  LIF 
is  due  to  fuel  that  is  on  the  head.  However,  as  was  the 
case  with  the  CVI,  post-test  visual  inspection  reveals  a 
residual  film  on  the  piston  in  this  region.  We  suspect  that 
liquid  films  exist  on  both  the  piston  and  head  in  this  re¬ 
gion,  but  the  LIF  firom  the  film  on  the  head  dominates  the 
image,  while  the  sapphire  window  in  the  piston  retains  a 
larger  post-test  residue  than  the  head  and  intake  valves. 

It  is  interesting  to  note  that  the  film  under  the  upper 
exhaust  valve  does  not  significantly  change  in  size  or 
shape  fitxn  cycle  #5  through  #20.  In  feet,  the  amount  of 


Fig.  7  Liquid-fuel  fluorescence  for  closed-valve 
injection. 


film  on  the  exhaust-valve  side  of  the  chamber  continually 
decreases  after  cycle  #5,  and  is  unexpectedly  asymmetric, 
with  very  little  fuel  ever  visible  over  the  face  of  the  lower 
exhaust  valve.  Similarly,  the  area  of  the  film  on  the  head 
between  the  exhaust  valves  is  largest  in  cycle  #2,  and  is 
gone  by  cycle  #15,  except  for  very  close  to  the  spark 
plug;  this  behavior  may  be  indicative  of  a  rapid  heating  of 
the  head  surface  between  the  exhaust  valves. 

Finally,  for  cycles  #1-10  there  is  a  bright  fluores¬ 
cence  spot  on  the  spark  plug  at  about  10  o’clock.  This  is 
firom  liquid  fuel  on  the  ground  strap.  When  we  wrote  the 
software  for  the  engine-configuration  mask,  we  thought  it 
would  be  an  unnecessary  detail  to  bother  aligning  the 
grotmd  strap  of  the  mask  with  the  actual  orientation  of  the 
spark  plug;  the  results  presented  here  would  suggest  that 
this  was  a  mistake,  and  that  knowledge  of  the  orientation 
of  the  ground  strap  is  important  for  understanding  LIF 
images  of  in-cylinder  liquid  films. 

7.  CONCLUSIONS 

We  have  demonstrated  the  LIF  imaging  of  liquid- 
fuel  films  on  the  combustion  chamber  walls  of  a  produc¬ 
tion  engine  head  for  common-grade  gasoline  without  the 
need  of  dopants.  Excellent  image  clarity  was  achieved 
using  a  fi'equency-tripled  Nd:YAG  light  source  expanded 
into  a  light  ,  field  and  an  intensified  CCD  camera;  back¬ 
ground  subtraction  was  used  to  enhanced  the  image  qual¬ 
ity  by  removing  unfiltered,  elastically-scattered  light  and 


Fig.  8  Liquid-fuel  fluorescence  for  open-valve  in¬ 
jection. 
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fluorescence  due  to  contaminants  on  the  combustion 
chamber  surfaces.  We  learned  that  gasoline,  and,  to  a 
lesser  degree,  oil,  leave  a  residue  that  requires  the  clean¬ 
ing  of  all  surfaces  between  tests.  Because  commonly-used 
oils  will  fluoresce  in  the  same  spectral  regions  as  gaso¬ 
line,  this  potential  interference  should  be  carefully  moni¬ 
tored.  We  also  found  it  useful  to  employ  an  overlay  fea¬ 
ture  of  the  fiame-grab  interface  board  to  create  a  diagram  of 
the  combustion  chamber  geometry  directly  on  the  LIF 
images. 

For  closed-valve  injection,  liquid  fuel  is  first  ob¬ 
served  in  the  intake  valve  crevices  by  cycle  #2,  but  the 
amount  is  not  significant  until  about  cycle  #10;  the  first 
measurable  IMEP  occurred  in  cycle  #9.  This  film  grows  to 
fill  the  regions  of  the  head  surfaces  between  the  intake 
and  exhaust  valves,  but  does  not  grow  in  size  over  the 
intake  valves  themselves.  Liquid  fuel  is  also  observed  in 
the  squish  region  between  the  intake  valves  beginning  at 
about  cycle  #10,  fiom  whence  it  continues  to  grow  until 
it  covers  more  than  half  of  the  valve-face  area  by  cycle 
#20.  Liquid  fuel  is  never  seen  on  the  exhaust-valve  side 
of  head. 

For  open-valve  injection,  liquid  fuel  is  seen  under 
one  of  the  exhaust  valves  in  the  very  first  cycle;  the  first 
measurable  IMEP  occurred  in  cycle  #4.  This  particular 
film  does  not  change  in  size  or  shape  from  cycles  #5-20. 
Significant  liquid  fuel  is  never  observed  under  the  other 
exhaust  valve,  revealing  an  unexpected  asymmetry.  In  a 
manner  similar  to  closed-valve  injection,  liquid  fuel  is 
seen  to  accumulate  in  the  intake  valve  crevices.  However, 
additional  semi-circular  pools  of  liquid  form  on  the  intake 
valves  in  the  region  near  the  spark  plug.  This  appears  to 
be  due  to  fuel  that  has  impacted  the  back  of  the  valve,  and 
flows  around  the  valve  seat  to  the  valve  fece.  These  pools 
grow  fairly  large,  and  appear  to  be  much  thicker  along 
theleading  edge.  Finally,  while  a  liquid  film  does  form  in 
the  squish  area  between  the  intake  valves,  it  is  consid¬ 
erably  smaller  than  the  one  observed  for  closed-valve 
injection. 
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ABSTRACT 

A  laser  light-scattering  method  is  used  to  investigate  the 
structure  of  diesel  injection  sprays.  Temporal  and  local 
droplet  size  distributions  were  measured  as  well  as 
geometric  parameters  of  the  spray.  To  analyze  heavy  fuel 
sprays  with  different  optical  properties  a  technique  has 
been  developed  to  simultaneously  record  the  scattered-light 
amplitude  and  the  image  of  the  droplet.  Investigations  were 
carried  out  varying  nozzle  hole  diameter,  injection  pressure 
and  kinematic  viscosity  of  the  fuels. 


1.  INTRODUCTION 

Knowing  the  dynamic  structure  of  diesel  injection  sprays 
the  injection  process  can  be  controlled  deliberately  in  order 
to  obtain  a  mixture  formation  and  combustion  that  matches 
the  present  demands  for  a  reduction  in  exhaust  gas 
emission,  a  decrease  in  fuel  consumption  and  an  increase  in 
the  performance,  respectively.  In  the  end  the  combustion 
process  is  a  result  of  the  temporal  and  local  distribution  of 
the  fuel  concentration  in  the  combustion  chamber  during 
the  spray  formation  and  development  and  the  droplet 
distributions,  which  are  considered  a  measure  of  the  quality 
of  the  process,  formed  under  the  influence  of  several 
injection  accompanying  parameters. 

The  development  of  optical  laser-based 
techniques  for  the  diagnostics  of  two-phase  flows  gives 
new  potential  for  the  investigation  of  the  transient  injection 
under  the  conditions  of  modem  diesel  engines.  Basically, 
the  methods  can  be  divided  into  local  and  global  ones. 
Local  methods  which  are  used  to  investigate  very  small 
measurement  volumes  include  for  instance  LDA/PDA- 
techniques  /1, 2/,  techniques  based  on  the  evaluation  of  the 
amplitudes  of  scattered  light  /3/,  CARS  /4/  or  Raman- 
Spectroscopy  151.  With  other  techniques  such  as  the 
Fraunhofer  diffraction-based  MALVERN  /6/  a  small  part 
of  the  injection  spray  is  analyzed.  The  complete  fuel  spray 
can  be  detected  with  high-speed  cinematographic 
techniques  /7,8,9/  holography  /10,1 1/,  schlieren  fotography 
/12/,  laser-induced  fluorescence  /13/  or  interferometry  /14/. 


Nowadays  temporal  resolutions  up  to  200  MHz  are 
possible.  The  local  stochastic  techniques  provide 
quantitative  information  about  single  positions  of  the  spray 
while  the  global  techniques  give  the  complete  momentary 
figure  of  the  spray,  however,  both  techniques  have  their 
advantages  and  disadvantages.  Therefore,  only  by 
analyzing  both  quantitative  local  parameters  of  the 
atomization  process  and  global  geometric  parameters  of  the 
spray  development  comprehensive  statements  about  the 
dynamic  stmcture  of  fuel  sprays  can  be  derived  /15,16/. 

Main  objective  of  experimental  investigations  is 
to  quantify  the  influence  of  various  injection  parameters  on 
the  spray  geometry  and  the  distribution  of  the  liquid  phase 
in  the  combustion  chamber.  As  significant  parameters,  for 
example,  the  effect  of  the  injection  pressure  /1 7/,  the  nozzle 
hole  diameter  /1 8/,  the  nozzle  opening  pressure  /1 9/,  the 
conditions  in  the  combustion  chamber  /20/  and  the  physical 
fuel  properties  /21/  have  been  investigated. 

To  characterize  the  atomization  of  diesel  sprays  a 
laser-based  scattered-light  technique  is  described  in  this 
report.  Temporal  and  local  droplet  size  distributions  were 
measured  varying  the  nozzle  geometry,  the  injection 
pressure  and  the  kinematic  viscosity  of  the  fuels  1221.  The 
atomization  of  high-viscosity  fuels  which  is  of  great 
importance  for  engineers  designing  and  operating  large- 
size  diesel  engines  has  not  found  significant  consideration 
in  research  so  far.  The  temporal  alteration  of  the  spray 
geometry  is  recorded  by  a  CCD-camera  to  connect  local 
droplet  distributions  to  the  complete  process  of  the  spray 
development. 


2.  MEASUREMENT  PRINCIPLE 

To  estimate  the  temporal  and  local  droplet  distributions  in 
an  injection  spray  the  measurement  principle  shown  in 
figure  1  is  used  which  was  described  by  Beljaew  /23/,for 
example,  and  technically  applied  by  Dibelius  and  Funcke 
111.  The  identical  emitting  and  receiving  optics  arranged  in 
an  angle  of  90°  form  a  measurement  volume  (MV)  with 
side  lengths  of  50  pm.  Crossing  the  MV  the  fuel  droplet 
scatters  the  light  of  an  Ar‘*'-laser.  The  intensity  of  the 
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scattered  light  is  a  function  of  the  optical  arrangement,  the 
intensity  and  polarity  of  the  laser  light,  the  droplet  size  and 
the  optical  properties,  that  is  the  complex  refractive  index 
of  the  fuel  used. 

As  generally  known  for  optical  diagnostics  of 
aerosols  (/23,24,25/)  a  uneven  distribution  of  light  intensity 
in  the  MV  may  occur  as  it  did  in  the  research  work 
presented  here.  In  order  to  estimate  the  influence  of  the 
light  intensity  distribution  in  the  MV  on  the  droplet  size 
distributions  numerical  investigations  were  carried  out. 
Known  droplet  distributions  were  send  through 
measurement  volumes  characterized  by  pre-defmed 
intensity  distributions.  As  results  distributions  were 
obtained  containing  both  information  about  the  original 
droplet  distribution  and  the  influence  of  the  intensity 
distribution  in  the  MV.  By  means  of  these  simulated 
measurements  a  correction  program  was  developed  which 
calculates  the  real  droplet  size  distribution  from  the 
measured  distribution  provided  that  the  intensity 
distribution  in  the  MV  is  known  (figure  2). 


PM  -Photomultiplier 
EO  -  Emitting  optics 
RO  -  Receiving  optics 
QW  •  Quartz  window 


I  ] 
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Figure  1  Measurement  principle 


Figure  2  Example  of  the  results  of  the  correction  algorithm 
for  a  known  intensity  distribution  in  the  MV  :  original 
distribution  -  numerically  generated;  measured  distri¬ 
bution  -  simulates  the  original  distribution  randomly 
passing  the  MV;  calculated  distribution  -  correction  of 
the  influence  of  the  light  intensity  distribution  in  the  MV 


First,  measurements  of  the  real  light  intensity  distribution 
in  the  MV  were  carried  out  using  model  particles  (a  16  pm 
glass  bead  and  a  glycerine  aerosol  with  a  known  size 
distribution)  crossing  the  MV  at  defined  positions  and  later 
real  fuels  were  used.  From  the  analysis  of  the  signal 
amplitudes  measured  at  the  same  position  related  to  the 
centre  of  the  MV  the  dependence  of  the  signal  amplitude 
on  the  crossing  position  in  the  MV  could  be  obtained  and 
an  approximation  function  I/Iq  =  f(x>y)  was  derived. 


3.  INFLUENCE  OF  THE  OPTICAL  PROPERTIES 

The  scattered  light  detected  by  means  of  a  photomultiplier 
(PM)  is  dependent  on  the  complex  refractive  index  m  of  the 
fuel.  The  real  part  defines  the  phase  shift  of  the  electro¬ 
magnetic  wave  interacting  with  the  particle  material  and 
the  imaginary  part  estimates  the  extinktion  of  the  signal 
amplitude.  The  experimental  investigations  of  the 
dependence  of  the  scattered  light  intensity  on  the  optical 
fuel  properties  were  conducted  by  means  of  a  technique  to 
simultanously  detect  the  scattering  signal  and  the  image  of 
the  droplet  momentarily  located  in  the  measurement 
volume.  The  droplet  distributions  of  fuels  with  different 
properties  were  generated  with  an  ultrasonic  atomizer. 
While  passing  the  MV  the  light  scattered  by  the  droplet  is 
detected  by  a  PM  and  used  to  trigger  both  the  apparatus  for 
the  scattering  measurements  and  a  CCD-camera.  The 
droplets  undergo  a  multiple  ilumination  by  a  high-speed 
flash  light  in  order  to  get  an  image  of  the  droplet  trajectory 
from  which  the  diameter  can  be  derived  with  a  micro-scale 
(figure  3). 


Figure  3  Comparison  of  scattered  light  signals  from  6  pm 
droplets  of  diesel  fuel  and  heavy  fuel 


Thus,  each  measurement  provides  information  about  size, 
position  in  the  measurement  volume  and  scattered  light 
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amplitude  of  the  droplet.  The  analysis  of  that  information 
results  in  a  signal  distribution  along  the  coordinate  x  for 
each  droplet  size  class.  The  maximum  signal  amplitude  of  a 
droplet  size  class  corresponds  to  the  amplitude  generated 
by  a  droplet  of  this  size  crossing  the  centre  of  the 
measurement  volume. 


4.  EXPERIMENTAL  SYSTEM  AND  CONDITIONS 

A  schematic  drawing  of  the  experimental  apparatus  is 
shown  in  figure  4.  An  optically  accessible  pressure 
chamber  which  can  be  heated  up  to  500°C  is  used.  Besides 
the  measurements  of  the  light  intensity  scattered  by  the  fuel 
droplets  shadow  fotographs  of  the  sprays  were  recorded  by 
means  of  a  CCD-camera  during  different  stages  of  the 
injection  process.  The  evaluation  of  the  CCD  iniages 
provides  the  spray  tip  penetration,  spray  angle  and  the 
velocity  of  the  spray  tip. 

The  injection  system  applicable  to  high-viscosity 
fuels  consists  of  a  Bosch  high  pressure  injection  pump  of 
the  type  PER  1  CY  (210/485),  a  pressure  pipe  and  DLLA 
type  nozzles  (Bosch).  For  the  investigations  single  hole 
nozzles  with  a  concentric  hole  were  used  with  the 
exception  of  the  so-called  button  hole  nozzle  having  four 
holes  which  are  all  directed  into  the  same  direction  (see 
Figure  5). 


Figure  4  Experimental  apparatus 

The  investigations  described  later  were  carried  out  at 
ambient  temperatures  (25°C)  and  chamber  pressures  of  20 
bar,  thus,  preventing  the  influence  of  evaporation.  Injection 
pressure  and  needle  lift  were  recorded  for  each 
measurement.  In  order  to  prevent  the  quartz  windows  from 
contamination  through  liquid  fuel  the  chamber  was 
continuously  scavenged  by  an  air  stream  with  a  velocity  of 
approx.  0.1  m/s. 

In  the  following  chapters  the  results  of  two 
measurement  series  comprising  the  variation  of  nozzle  hole 
diameter,  injection  pressure  and  kinematic  viscosity  of  the 
fuels  are  represented.  The  conditions  of  the  series  are 
shown  in  figure  5. 


Single  hole  nozzle  (SHN)  Variation  of  injection  pressure 


Time  [ms] 


Variation  of  the  physical  fuel  properties: 
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Measurement  conditions  for  all  investigated  fuels: 

•  Chamber  pressure  20  bar 

•  Air  temperature  298  K 

•  Single  hole  nozzle  0.3  mm 

•  Injection  pressure _ 600  bar 


Figure  5  Measurement  conditions 


5.  RESULTS 

5.1  Structure  of  Transient  Injection  Sprays 

The  specific  features  of  the  injection  spray  structure  shall 
be  demonstrated  for  the  example  of  the  single  hole  nozzle 
with  0.3  mm  diameter  at  a  maximum  pressure  of  600  bar. 
During  the  injection  duration  of  approx.  3  ms  the  pressure 
in  the  nozzle  hole  bore  alters  fi-om  chamber  pressure  (20 
bar)  at  closed  needle  to  the  maximum  pressure  of  600  bar. 
About  1  ms  after  the  start  of  injection  the  fuel  volume  flow 
reaches  the  maximum  and  subsequently  decreases  with 
increasing  acceleration.  From  the  CCD-images  shown  in 
figure  6  a  relatively  large  increase  in  spray  penetration  can 
be  observed  during  the  first  millisecond.  Afterwards  the 
spray  increasingly  expands  radially  because  of  the 
turbulent  mixing  of  droplets  and  air. 

The  number  of  droplets  registered  show  different 
temporal  and  local  distributions.  For  example  in  a  distance 
of  70  mm  from  the  nozzle  orifice  a  larger  radial  expansion 
of  the  spray  can  be  seen.  At  about  1  ms  after  the  start  of 
injection  the  first  droplets  arrive  at  this  measurement 
position  and  for  prolonged  periods  after  the  end  of 
injection  significant  amounts  of  droplets  still  pass  the 
position.  Furthermore,  a  distinct  maximum  in  the  number 
of  droplets  can  be  observed  in  the  spray  tip.  Figure  6 
represents  a  clear  difference  in  the  proportions  of  different 
droplet  size  classes  depending  on  the  time  in  two  distances 
(20  and  70  mm)  from  the  nozzle  orifice.  Consequently,  the 
mean  diameters  also  vary  with  time  and  position.  The 
differences  in  the  mean  diameters  at  these  two  positions  are 


PM  -  Photomultiplier 

RO  •  Receiving  optics 

TR  •  Transient  recorder 

IN  -  Injection  nozzle 

IP  •  Injection  pump 

PC  -  Pressure  chamber 

PS  -  Pressure  sensor 

NLS  •  Needle  lift  sensor 
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2  -  Start  of  injection 
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in  the  same  order  of  magnitude  as  those  caused  by  a 
variation  of  the  injection  parameters,  as  described  later. 


I  Relative  Droplet  Number  {-i* 


Measurement  conditions  ; 

Nozzle 

0.3  mm 

Injection  pressure 

600  bar 

Chamber  pressure 

20  bar 

Air  temperature 

298  K 

Fuel 

Diesel  fuel 

The  number  of  the  time  intervals  (*)  corresponds  to  the  number  in  the  spray  images  above 


Figure  6  Example  for  the  recorded  data  of  the  spray 

At  each  distance  the  spray  is  scanned  systematically  by 
radially  shifting  the  measurement  volume.  As  a  side  effect 
the  spray  centre  is  defined  and  fields  in  the  inner  part  of  the 
spray  are  detected  where  reliable  measurements  cannot  be 
realized  because  of  the  falsifying  influence  of  extinction 
and  multiple  scattering.  The  droplet  flow  density  (DFD) 
with  the  dimension  (-/m^s)  is  used  as  basic  information  for 
further  analysis  which  includes  the  estimation  of 
temporally  and/or  locally  averaged  characteristic  values  of 
the  distributions. 

5.2  Variation  of  nozzle  hole  diameter 

For  this  measurement  series  the  three  nozzles  described  in 
figure  5  were  used.  The  single  hole  nozzle  with  a  diameter 
of  0.15  mm  (SHN015)  can  be  considered  to  correspond  to 
a  hole  of  a  four  hole  nozzle  with  the  same  effective  cross- 
section  as  the  0.3  mm  diameter  single  hole  nozzle 
(SHN03).  The  investigation  of  the  button  hole  nozzle 
(BHN)  should  demonstrate  which  influence  the  interaction 
of  four  separately  generated  but  together  as  one  spray 
acting  fuel  sprays  has  on  the  spray  structure  compared  to 
the  single  spray  of  the  EHN015.  The  comparison  of 
EHN03  and  BHN  will  show  whether  and  if  yes,  which 
influence  the  atomization  mechanisms  in  the  nozzle  bore 
channel  have  got  on  the  spray  structure. 


Figure  7  Droplet  flow  density  as  a  function  of  spray  radius 
and  time 


Figure  8  Droplet  distributions  for  the  variation  of  injection 
pressure 


The  diagrams  in  figure  7  represent  the  droplet  flow  density 
distributions  versus  radius  and  time  averaged  over  time 
periods  of  0.5  ms.  A  qualitative  comparison  of  the 
distributions  shows  that  the  maximum  spray  radius  for  the 
injection  with  EHD015  is  smaller  than  that  of  ELD03  and 
BHN.  Furthermore,  it  becomes  visible  that  the  absolute 
values  of  the  DFD  in  the  case  of  the  SHN015  are 
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significantly  smaller,  too.  The  maximum  of  DFD  for  the 
two  nozzles  with  equal  effective  cross-sections  was 
measured  beyond  the  axis  of  the  spray,  which  suggests  the 
influence  of  extinktion.  From  these  distributions  it  can  be 
concluded  that  reliable  results  can  be  obtained  up  to 
approximately  half  of  the  spray  radius. 

The  normalized  distributions  shown  in  figure  8 
represent  the  results  of  the  variation  of  the  injection 
pressure.  Approximately  1  ms  after  the  start  of  injection  the 
main  droplet  volume  has  passed  the  measurement  position 
and  after  about  2  ms  a  significant  reduction  in  the  number 
of  droplets  and  the  droplet  volume,  respectively,  is 
observed.  With  an  increase  in  the  injection  pressure  less 
relatively  large  droplets  (>  30  mm)  are  detected  in  all  time 
intervals. 

A  comparison  of  the  droplet  distributions  for  all 
three  nozzles  at  an  injection  pressure  of  600  bar  (figure  9) 
shows,  that  during  the  whole  injection  duration  the  droplet 
diameters  are  clearly  smaller  in  the  case  of  SHN015. 
Significantly  less  droplets  >  20  pm  are  recorded.  However, 
the  difference  between  SHN03  and  BHN  is  not  significant. 


Measurement 
conditions  : 
Nozzle  0.3  mm 
pa  20  bar 
Ta  298  K 
Position: 

X  =  70  mm 
r  =  {2/3)Rmax 


(schematic) 


SHN  0.15  mm 


BHN  4  X  0,15  mm 


Figure  9  Droplet  distributions  for  the  variation  of  nozzle 
hole  diameter 


decrease  of  the  mean  volumetric  diameter  (d3o)  of  about 
20  %. 

The  analysis  of  the  measured  data  for  the  whole 
injection  provides  the  summarized  effects  of  the  variation 
of  the  nozzle  hole  diameter  and  the  injection  pressure. 
Figure  1 1  presents  the  integrated  droplet  volume 
distributions  divided  into  three  main  droplet  size  classes. 
For  each  nozzle  a  trend  towards  smaller  droplet  sizes  can 
be  observed  with  an  increase  in  the  injection  pressure.  The 
proportion  of  droplets  >  20  pm  becomes  smaller  in  all 
cases  while  the  other  droplet  size  classes  show  different 
tendencies.  Furthermore,  it  can  be  seen  from  figure  10  that 
the  mean  droplet  diameters  for  the  SHN015  are 
significantly  smaller  than  those  for  the  other  two  nozzles. 
The  SHN03  generates  slightly  larger  droplets  compared  to 
BHN,  however,  this  difference  is  far  smaller  than  that 
between  both  nozzles  and  the  SHN015.  The  spray  images 
taken  by  the  CCD-camera  confirm  these  tendencies. 
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It  becomes  obvious  from  figure  10  that  in  all  cases  the 
largest  droplets  are  present  in  the  tip  of  the  spray.  During 
the  main  part  of  the  injection  a  decrease  in  droplet  sizes 
occurs  and  towards  the  end  of  injection  increasing 
diameters  could  be  observed  again.  An  increase  in  the 
injection  pressure  from  250  bar  to  1000  bar  results  in  a 


Figure  10  Mean  diameters  for  the  variation  of  injection 
pressure  and  nozzle  hole  diameter 

The  results  underline  that  the  altered  fuel  volume  flow  out 
of  the  nozzle  does  not  influence  the  droplet  formation 
through  the  flow  conditions  in  the  nozzle  orifice  but 
because  of  the  changed  conditions  in  the  spray  during  its 
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development  in  the  air.  The  larger  fuel  volume  flow  causes 
better  'flying’  conditions  for  the  single  droplets  in  the 
shadow  of  the  spray  tip  and  therefore  the  droplets  show  a 
reduced  tendency  towards  break-up. 


Rel.  Droplet  Volume  [•] 
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Figure  1 1  Integrated  droplet  distributions  for  the  variation 
of  injection  pressure  and  nozzle  hole  diameter 


5.3  Variation  of  fuel  viscosity 

The  fuel  properties  were  varied  by  mixing  diesel  fuel  (DF) 
with  a  heavy  fuel  (HF)  typically  used  in  diesel  engines  on 
board  of  ships.  Through  a  certain  selection  of  the  mixing 
ratio  fuel  mixtures  were  produced  having  kinematic 
viscosities  in  the  range  from  4  mmVs  to  30  mmVs  (27°C). 
The  investigations  were  carried  out  under  the  conditions 
shown  in  figure  5. 

It  can  be  seen  from  figure  12  that  with  an 
increase  in  the  viscosity  the  mean  values  of  the  droplet  size 
distributions  shift  towards  larger  diameters.  Moreover,  the 
distributions  show  a  broader  range  of  droplet  sizes.  An 
overall  view  of  the  temporal  change  in  the  volume  flow 
density  at  three  radial  distances  from  the  spray  axis  for 
several  fuel  viscosities  gives  figure  13.  A  tendency  towards 
a  concentration  of  droplets  in  the  spray  tip  can  be  observed 
with  increasing  viscosity.  Furthermore,  the  number  of 
droplets  as  a  function  of  time  increases  faster  from  the 
peripheiy  of  the  spray  towards  the  axis.  Thus,  for  diesel 
sprays  more  droplets  were  detected  in  the  periphery  while 


from  approx.  0.5  Rmax  the  number  of  droplets  recorded  in 
heavy  fuel  sprays  became  larger. 


DF  (4  mm^/s) 


HF3  (10  mm=/s) 


HF1  (20  mm=/s) 


HF2  (30  mm%) 


d  [pm] 


Figure  12  Droplet  distribution  for  the  variation  of  viscosity 

The  time  averaged  mean  diameters  show  an  increase  both 
with  an  increase  in  the  viscosity  and  for  each  fuel  with 
radial  approach  to  the  spray  axis.  The  increasing  viscosity 
leads  to  a  significant  increase  in  the  number  of  droplets  in 
the  size  range  from  10  ...20  pm  and  to  an  increase  in  the 
mean  diameters  (figures  14  and  15). 
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Figure  13  Volume  flow  density  depending  on  spray  radius 
and  time 
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By  means  of  interpolation  and  linear  approximation  of  the 
sauter  mean  diameters  (d32)  for  the  whole  field  of  variation 
of  injection  pressure  and  kinematic  viscosity  (single  results 
were  not  shown  because  of  limited  space)  the  diagram  in 
figure  16  was  built.  It  can  be  concluded  that  an  increase  in 
the  injection  pressure  can  to  a  certain  extent  compensate 
the  increasing  droplet  diameters  caused  by  an  increase  in 
the  viscosity.  In  order  to  obtain  the  same  droplet  sizes  with 
a  heavy  fuel  having  a  viscosity  of  20  mmVs  compared  to 
diesel  fuel  the  pressure  had  to  be  increased  from  500  bar  to 
900  bar.  It  has  to  be  taken  into  consideration,  however,  that 
a  change  in  the  viscosity  also  means  temporal  changes  of 
the  spray  geometry  and,  therefore,  causes  different 
conditions  for  the  following  processes. 
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Figure  15  Integrated  droplet  distributions  and  mean 
diameters 


Figure  14  Mean  volumetric  diameter  (d3o)  depending  on 
spray  radius  and  time 
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6.  CONCLUSIONS 

The  variation  of  the  nozzle  hole  diameter  and  the  number 
of  holes  could  prove  that  the  reason  for  the  influence  of  the 
fuel  volume  flow  on  the  droplet  distributions  does  not  lie  in 
the  flow  conditions  in  the  nozzle  hole  but  in  the  changed 
conditions  for  the  interaction  of  the  droplets  with  the  air 
during  the  spray  development,  i.e.  the  increase  in  the 
droplet  concentration.  An  increase  in  the  volume  flow  at 
the  nozzle  hole  causes  an  increase  in  the  fuel  concentration 
in  the  spray  and,  consequently,  droplet  size  distributions 
with  an  increasing  proportion  of  larger  droplets.  A 
reduction  of  the  nozzle  hole  diameter  without  changing  the 
fuel  volume  flow  of  the  spray  leads  to  only  slightly  finer 
atomization.  The  increasing  injection  pressure  supports  the 
generation  of  smaller  droplets  and  a  temporal  correlation 
between  pressure  and  droplet  diameter  could  be  detected. 

Using  heavy  fuels  with  higher  viscosities  causes  a 
rise  in  the  droplet  diameters  and  increasing  spray  tip 
velocities.  With  an  increase  in  the  fuel  viscosity  an 
increasing  dependence  of  the  droplet  diameters  on  the 
injection  pressure  was  recorded.  With  a  nearly  constant 
spray  angle  the  increase  in  the  kinematic  viscosity  leads  to 
an  increasingly  change  of  the  droplet  concentration  in  the 
radial  direction  of  the  spray.  Furthermore  the  temporal 
change  of  the  droplet  concentration  becomes  stronger. 
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ABSTRACT 

Effects  of  fuel  temperature  on  the  characteristics  of  the 
intermittent-cyclic  spray  have  been  experimentally  clarified 
using  the  phase  Doppler  anemometer.  The  spray  was 
initiated  from  the  air  assisted  fuel  injector.  The  injection 
frequency  was  50Hz,  and  the  pressures  of  the  liquid  fiiel  (n- 
heptane)  and  air  were  250kPa  and  147kPa,  respectively. 
The  fuel  temperature  was  changed  from  293K  (20‘’C,  room 
temperature)  to  413K  (140®C). 

Experimental  results  showed  that  the  mean  velocity  of 
the  droplets  increase  with  the  fuel  temperature.  The  Sauter 
mean  diameter  increased  in  the  fuel  temperature  region 
from  293K  to  343K  for  intermittent  spray  and  from  293K  to 
323K  for  continuous  steady  spray.  After  the  regions,  it  was 
decreased.  The  droplets  with  higher  fuel  temperature  and 
larger  dieuneter  have  smaller  decaying  ratio  of  the  velocity. 
These  features  are  well  explained  by  the  analyses  using 
grouped  data  classified  by  the  droplet  diameter  or 
temporally  divided  velocity  history  of  the  intermittent  spray. 
Evaluation  of  the  droplet  size  distribution  has  also  been 
pjerformed  by  a  log-hyporbolic  (LH3)  type  fitting  function. 


1.  INTRODUCTION 

Spray  characteristics  are  one  of  the  dominant  phenomena 
to  affect  the  jaerformance  of  internal  combustion  engines.  In 
this  field,  a  phase-Doppler  anemometer  (PDA)  allows  one 
to  p)erform  local  and  instantaneous  measurement  of  both 
particle  size  and  velocity.  Many  investigators  have  studied 
the  subject  with  the  PDA  [1-5].  They  indicated  successfully 
the  experimental  data  of  particle  size  and  velocity  not  only 
for  steady  condition  but  also  for  intermittent  spray. 
Differences  between  continuous  and  intermittent  sprays 
were  also  show  in  them  [5].  Since  the  fuel  spray  is  injected 
intermittently  in  the  actual  engine,  establishment  of 
evaluating  methods  of  it  is  needed  for  spray 
characterization. 


The  authors’  group  has  investigated  an  intermittent 
gasoline  type  spray  initiated  from  an  air  assisted  spray 
injector  [6,  7].  The  injector  was  proposed  for  obtaining 
better  quality  of  air/fuel  mixture,  these  experiments,  a 
time  dividing  analysis  propxjsed  by  Obokata  and  Long  [5],  a 
size  distribution  using  3-i)arameters  log-hyperbolic  fimction 
(LID)  reconsidered  by  Xu  et  al  [8].  and  a  size  classification 
method  were  used  for  evaluating  the  spray.  They  indicated 
that  the  spray  cloud  of  air  assisted  injector  had  smaller 
droplet  diameter  than  that  of  existing  system  (pintle 
injector).  An  effect  of  the  fuel  temperature  was  also 
reported  in  the  study  [7].  The  high  fuel  temperature 
resulted  in  increase  in  the  droplet  diameter  and  velocity.  In 
those  studies,  however,  it  was  difficult  to  have  detail 
discussion  on  the  effect  of  the  fuel  temperature  because 
alternative  fuel  of  Laws  which  was  used  for  spray  instead 
of  gasoline  was  a  composite  fuel. 

The  present  work  was  undertaken  to  clarify  the  effect  of 
the  fuel  temperature  on  the  characteristics  of  the 
intermittent  spray  initiated  from  the  air  assisted  injector  by 
using  PDA  system.  An  pure  fuel  of  n-heptane  was  chosen 
for  the  present  study.  Its  evaporation  temperature  is  371.4K 
and  that  value  is  lower  than  that  of  the  Laws  (423K).  The 
characteristics  of  the  intermittent  spray  are  discussed  by 
using  the  time  dividing  analysis  and  by  using  velocity 
information  on  droplets  group  classified  by  diameter. 
Whole  and  time  divided  size  distributions  of  the  spray 
droplets  have  also  been  discussed  wdth  3-parameters  log- 
hyperbolic  function. 

2.  EXPERIMENTAL  APPARATUS 
2.1  Fuel  Injection  System 

Figure  1  shows  the  inner  mixing  type  air  assisted  fuel 
injection  nozzle.  The  injector  had  a  mixing  chamber  which 
was  mounted  on  a  pintle  type  fuel  injector.  The  fuel  was 
intermitted  by  the  needle  valve  and  the  assisted  air 
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continuously  flowed  in  the  nozzle.  The  nozzle  outlet  was 
2nun  in  diameter.  The  frequency  of  injection  was  50Hz,  the 
pressure  of  fuel  was  250kPa  and  that  of  air  was  147kPa. 
TTie  n-heptane  was  used  for  injection  instead  of  gasoline. 
Typical  fluid  properties  of  n-heptane.  Laws  and  gasoline 
are  listed  in  Table  1.  The  fuel  was  injected  into  atmosphere 
which  had  normal  room  temperature  and  pressure.  Flow 
rate  of  fuel  was  changed  by  valve  opening  duration, 
At=2.5ms,  4.5ms,  6.5ms  (intermittent  condition)  and  oo 
(steady  condition).  Figure  2  shows  a  schematic  diagram  of 
the  injection  tester  used  in  this  experiment.  Spray  flow  and 
radial  directions  set  Z-axis  and  r-axis,  respectively,  and  the 
origin  of  the  coordinates  was  set  at  the  center  of  the  nozzle 


Figure  1  Cross  section  of  air  assisted  fuel  injector. 


outlet.  Fuel  temperature  was  varied  from  293K  (20°C)  up 
to  413K  (140°C).  The  fuel  flowed  through  a  copper  pipe 
w^iich  was  in  a  thermostatic  oil  bath  and  the  temperature  of 
fuel  was  set  the  certain  value.  The  temperature  of  the 
assisted  air  was  not  controlled  and  was  around  293K. 

2.2  Phase  Doppler  Anemometer 

A  phase  Doppler  particle  analyzer  of  Aerometrics 
(PDPA)  was  used  to  measure  the  droplet  velocity  and 
dimeter.  The  diameter  of  the  measuring  volume  was 
adjusted  to  more  than  five  times  of  the  expected  maximum 
particle  diameter,  to  remove  measurement  errors  which 
would  be  affected  by  the  Gaussian  distribution  of  light 
intensity  of  the  measuring  volume  [9].  The  diameter  of  the 
measurmg  volume  used  in  this  experiment  was  about 
0.3mm  and  the  total  intersection  angle  of  incident  beams 
was  1.5®  and  forward  scattering  mode  was  used  with  the 
off-axis  angle  of  30®  from  the  incident  beams.  The 
measuring  diameter  range  was  chosen  the  range  from 
3.4-510.5  pm  at  1.385  of  refractive  index  of  the  fuel.  High 
voltage  of  the  detectors  was  set  as  350V. 


3.  RESULTS  AND  DISCUSSIONS 

3.1  Distribution  of  Droplet  Velocity  and  Diameter 
of  the  Spray 


Table  1  Physical  properties  of  the  fuels. 


n-heptane 

Laws 

Gasoline 

684 

797 

746 

Refractive  index _ (20*0 

Surface  tension  N/ra  (20*0 


Coefficient  of  volume  expansion  ‘ 


S/C :  Speed  Controller  F/P :  Fuel  Pump 

M :  Motor  Cp :  Compressor 

E :  Encoder  P(/Re :  Fuel  Pressure  Regulator 

Cont :  Injection  Conttoller  Pa/Ro  :  Air  Pressure  Regulator 

P:  Pressure  Pickup  G;  Pressure  Gauge 
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Figure  2  Experimental  set  up 


Figure  3  Time  series  of  droplets  size  and  velocity 
(Z=50mm,  r=0mm,  At=2.5ms  and  fuel  temperature  413K) 
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Figure  4  Axial  distributions  of  droplets  mean  velocity  and 
Sauter  mean  diameter  with  various  fuel  temperatures 
(r=0mm  At=2.5ms). 
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Figure  5  Radial  distributions  of  mean  velocity. 


Time  series  of  droplets  velocity  and  diameter  measured 
at  Z=50mm  on  the  spray  center  line  (r=0mm)  are  plotted  in 
Figure  3  where  the  fiiel  temperature  is  413K,  the  valve 
opening  duration  At=2.5ms  and  the  flow  rate  of  the  air 
Q=0.255Nl/s.  In  this  figure,  the  instantaneous  maximum 
data  rate  is  about  20kHz  and  the  mean  data  rate  is  lOkHz. 

Axial  distributions  of  droplet  mean  velocity  (Vm)  and 
Sauter  mean  diameter  (D32)  on  the  centerline  (r=0mm)  at 
the  all  period  of  intermittent  spray  with  various 
temperatures  are  plotted  in  Figures  4(a)  and  (b).  The  mean 
velocity  decreases  along  downstream  distance  (Figure  4(a)). 
The  Sauter  mean  diameter  decreases  slightly  just  after  the 
nozzle  exit  and  after  then  increase  with  downstream 
distance  (Figure  4(b)).  The  value  at  the  initial  point 
(Z=5mm)  is  much  smaller  than  that  of  the  Laws  used  in  the 
previous  work  [7].  The  decreasing  rate  of  them  at  the 
upstream  is  also  smaller  than  that  of  the  Laws.  In  the 
downstream,  the  range  of  the  values  are  almost  same  as 
that  of  the  Laws.  In  the  upstream,  atomization  and 
breakdown  at  n-heptane  is  much  active  than  Laws  and 
therefore  the  Sauter  mean  diameter  is  decreased.  In  the 
region,  the  Laws  spray  probably  has  a  lot  of  non-spherical 
droplets  due  to  their  large  kinematics  viscosity.  Then,  the 
large  value  of  the  Sauter  mean  diameter  is  also  explained 
by  an  incomplete  atomization  in  n-heptane.  In  the 
downstream,  the  breakdown  becomes  inactive  and  small 
droplets  disappear  or  their  diameters  become  smaller  than 
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Figure  6  Radial  distributions  of  Sauter  mean  diameter. 
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the  measuring  range  of  PDA  due  to  evaporation.  The 
tendency  is  also  caused  by  that  small  droplets  with  slower 
velocity  are  overtaken  and  pushed  away  from  the  centerline 
by  large  droplets  or  merged  into  those  [5].  These  tendencies 
of  the  velocity  and  the  diameter  are  little  influenced  by  the 
fuel  temperature.  At  the  413K  of  the  fuel  temperature,  both 
of  the  mean  velocity  and  the  Sauter  mean  diameter  have  a 
different  feature  from  those  for  another  fuel  temperature 
condition.  Since  the  fuel  temperature  of  413K  is  higher 
than  the  evaporation  temperature  of  the  n-heptane,  the 
evaporation  seems  to  affect  the  results  at  the  condition.  The 
actual  fuel  temperatures  would  be  lower  than  the  given 
values  because  the  fuel  was  cooled  by  the  assisted  air  and 
the  atmosphere.  Then,  the  fuel  droplets  were  able  to  exist 
in  the  measuring  region  and  the  PDA  gives  information  on 
their  velocity  and  diameter. 

Figures  5(a)  and  (b)  show  the  radial  distributions  of 
mean  velocity.  In  these  figures,  fuel  temperatures  are  293K 
(room  temperature)  and  373K,  and  the  measurement  axial 
positions  are  Z=25nun,  50nun,  75mm  and  100mm.  The 
mean  velocity  and  radius  are  normali2ed  by  the  iriaviTmim 
mean  velocity  (Vnwx)  on  the  axis  and  by  the  half-value 
width  of  the  velocity  distribution  curve  (ro.5).  The  velocity 
distributions  are  close  to  the  Gaussian  distribution  which  is 


indicated  by  the  solid  curve  (Gauss).  The  velocity  at  the 
outskirts  of  the  spray  is  slightly  greater  than  the  Gaussian 
distribution.  This  feature  is  caused  by  the  detection  of 
droplets  spreading  out  from  the  spray  center  and  velocity 
bias  at  the  LDA  measurement  near  the  edge  of  jet.  Figures 
6(a)  and  (b)  show  the  Sauter  mean  diameter  with  non- 
dimensional  radius.  The  distribution  shape  of  the  Sauter 
mean  diameter  has  a  minimum  value  around  the  center 
(r=0mm).  The  edge  of  the  spray  becomes  asyrmnetric  due  to 
measurement  uncertainty  and  decreasing  data  rate  or 
absence  of  droplets.  The  Sauter  mean  diameter  at  the  edge 
for  the  low  fuel  temperature  spray  is  larger  than  that  for  the 
high  fuel  temperature.  The  distributions  of  the  mean 
velocity  have  similar  tendency  for  the  both  temperature 
conditions. 

To  clarify  the  effect  of  the  fuel  temperature  on  spray 
characteristics,  the  mean  velocity  and  the  Sauter  mean 
diameter,  which  were  measured  at  Z=50mm  on  the  spray 
center  line  (r=0mm)  with  various  fuel  flow  rates,  are 
illustrated  in  Figures  7  (a)  and  (b),  respectively.  The  fuel 
flow  rate  is  changed  by  the  valve  opening  duration  At,  and 
flow  rates  at  fuel  temperature  of  293K  are  5.1mg/stroke, 
10.1  mg/stroke,  15.2mg/stroke  and  1.8g/s  at  At=2.5ms, 
4.5ms,  6.5ms  and  00  (steady  continuous  spray). 
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Figure  7  Mean  velocity  and  Sauter  mean  diameter  with 
various  fuel  temperature  and  various  fuel  flowrate 
(Z=50mm,  r=0mm) 
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Figure  8  Decay  of  mean  velocity  at  classified  droplets  on 
the  centerline  (r=0mm.  At=2.5ms) 
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respectively.  The  mean  velocity  increases  with  increasing 
fuel  temperature  and  fuel  flow  rate.  The  Sauter  mean 
diameter  increases  in  the  region  from  293K  to  343K  for 
intermittent  spray  and  from  293K  to  323K  for  continuous 
spray,  after  the  region,  they  decrease.  The  high  fuel 
temjTerature  causes  fuel  evaporation,  and  it  also  causes 
promotion  of  the  atomization  due  to  decrease  in  the  fuel 
kinematics  viscosity  and  in  the  fuel  surface  tension.  The 
increase  in  Sauter  mean  diameter  can  be  explained  that  the 
small  droplets  tend  to  decrease  or  lose  their  diameter  due  to 


Figure  9  Example  of  phase  matched  plot  of  droplets 
velocity. 
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Figure  10  Correlation  between  droplet  velocity  and 
diameter  at  each  divided  part  of  spray  (Z=50mm,  r=0mm, 
At=2.5ms) 


the  evaporation  because  their  total  droplet  surface  area  is 
greater  than  that  of  large  droplets  with  same  total  fuel 
volume.  In  the  region  with  increasing  in  the  Sauter  mean 
diameter,  the  evaporation  affected  the  spray.  After  the 
region,  the  decrease  in  the  fuel  surface  tension  and  the 
kinematics  viscosity  can  mainly  influence  on  the  spray 
characteristics  and  therefore  the  Sauter  mean  diameter 
decreases.  For  increasing  the  fuel  flow  rate,  duration  of  the 
injecting  of  the  fuel  becomes  long  where  the  large  droplets 
with  high  velocity  rush  in  the  flow  field  (see  also  Figure  3). 
Then,  the  mean  velocity  and  the  Sauter  mean  diameter 
increase  due  to  passing  many  fuel  droplets  with  large 
diameter  and  high  velocity  in  higher  flow  rate. 

3.2  Velocity  Decay  at  Droplets  Group  Classified 
by  Diameter 


The  PDA  measurement  can  provide  a  diameter  and  a 
velocity  of  each  droplet.  Figures  8(a)  and  (b)  show  decays 
of  the  mean  velocity  (Vm)  at  each  classified  size  where  Vo 
is  the  exit  velocity  at  the  nozzle  estimated  from  measured 
data  and  d  is  diameter  of  the  nozzle  outlet  (d=2mm).  An 
interval  of  the  classified  size  diameter  was  set  as  about 
4pm  by  the  PDA  system  and  six  classified  sizes  were 
chosen  for  the  figures.  In  these  figures,  a  straight  line 
indicates  a  theoretical  decay  line  of  air  circular  jet  [10].  The 
experimental  results  indicate  non-liner  change  in  the  decay 
of  the  droplet  velocity  although  the  decay  of  the  velocity  for 
the  air  is  linear.  Virtual  origin  seems  to  be  shift  to  reverse 
axial  direction  with  increasing  the  diameter  of  the  droplet. 
Each  droplet  has  a  similar  velocity  at  the  origin.  In  the 


Figure  1 1  Axial  distribution  of  the  mean  velocity  of  each 
temporal  part  (r=0mm,  At=2.5ms). 
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upstream  of  Z/d  ^  50,  the  small  classified  droplets  has 
large  velocity  decay  compared  with  the  large  droplets.  In 
contrast,  the  small  particle  has  small  velocity  decay  in  the 
downstream.  In  the  downstream  of  Z/d  ^  50  for  293K  of 
fuel  temperature,  the  velocity  decay  rate  of  the  each  droplet 
size  can  be  observed  to  become  almost  same  rate  as  air  jet. 
The  larger  droplet  keeps  its  velocity  longer  distance  due  to 
its  large  inertia  depending  on  its  diameter.  Therefore,  the 
large  classified  size  droplets  have  smaller  velocity  decay. 
Comparison  between  the  both  conditions  of  the  fuel 
temperature  indicates  small  velocity  decay  for  high  fiiel 
temperature  in  the  ■wfiole  experimental  region.  For  high 
fuel  temperature,  the  velocity  decay  rate  maintains  smaller 
than  that  for  the  low  fuel  temperature. 

3.3  Time  Dividing  Analysis  of  Intermittent  Spray 

In  order  to  estimate  the  intermittent  spray,  the  temporal 
data  of  velocity  and  diameter  were  divided  into  some  parts 
according  to  their  phase  angle  [5-7].  This  estimating 
method  was  named  time  dividing  analysis.  The  method  is 
explained  as  follows:  Figure  9  shows  an  example  of 
ensemble  plots  of  velocity  for  intermittent  spray,  where  the 
time  axis  of  Figure  3  was  converted  into  the  injection  phase 
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Figure  12  Axial  distribution  of  Sauter  mean  diameter  of 
each  temporal  part  on  the  centerline  (i=0mm,  At=2.5ms). 


angle.  A  duration  (to.5)  where  the  droplet  velocity  is  larger 
than  the  half  value  of  the  maximum  velocity  is  determined 
on  the  figure.  The  duration  was  divided  by  three  parts.  The 
first  and  the  second  toy3  duration  is  represented  by  fore 
part  (F)  and  central  part  (C).  Next  duration  of  2to.5/3  is 
defmed  as  rear  part  (R).  The  rest  of  the  duration  is 
represented  by  the  tail  part  (T). 

Figure  10  indicates  correlation  between  droplets  velocity 
and  size  for  intermittent  spray  with  time  dividing  analysis 
for  fuel  temperature  of 293K  and  413K  at  the  Z=50mm  and 
on  the  centerline  (r=0mm).  The  data  of  entire  spray  (A)  is 
also  shown  in  the  figure.  A  critical  difference  between  the 
correlations  of  both  fuel  temperature  conditions  exists  in  F 
and  C.  The  correlations  at  the  parts  of  R  and  T  are  not 
sensitive  to  the  fuel  temperature.  In  the  parts  of  F  and  C 
under  the  high  fuel  temperature  condition,  it  can  be 
observed  an  existence  of  a  lot  of  droplets  with  large 
velocity.  It  is  caused  by  that  the  droplets  have  a  small 
velocity  decay  as  indicated  in  Figure  8  and  that  they  can 
reach  a  certain  distance  remaining  a  large  velocity,  hr  the 
parts  of  R  and  T,  an  instantaneous  flow  rate  of  the  fuel  is 
very  low  and  the  assisted  air  continuously  flows  in  the 
nozzle.  Since  the  assisted  air  cools  the  fuel,  the  fuel 
temperature  would  be  lower  than  the  given  value. 
Therefore,  the  correlations  at  R  and  T  are  insensitive  to  the 
fuel  temperature. 

Figure  11  shows  the  axial  distribution  of  the  mean 
velocity  of  each  temporal  part.  For  the  high  fuel 
temperature,  the  droplet  velocity  remains  large  in  the  parts 
of  F,  C  and  R.  This  result  is  caused  by  the  small  velocity 
decay. 

Figure  12  shows  the  axial  distribution  of  the  Sauter  mean 
diameter.  The  Sauter  mean  diameter  at  the  F  and  C  is 
larger  than  that  at  the  R  and  T.  It  will  be  supposed  that  the 
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Figure  13  Example  of  measured  droplet  size  distribution 
with  result  of  log-hyperbolic  fitting  (Z=50inm,  r=0mm, 
T=293K,  At=2.5ms) 
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Figure  14  Distribution  of  three  parameters  of  LH3  (r=Oinm,  At=2.5ms) 


large  droplets  were  accumulated  in  the  F  and  C.  At  the  high 
fuel  temperature,  the  variance  among  the  values  of  the  parts 
becomes  undistinguished.  It  is  related  with  the  decrease  in 
the  fuel  kinematics  viscosity  and  the  fuel  surface  tension. 

3.4  Evaluation  of  Droplet  Size  Distribution 

Recently,  the  three  parameter  log-hyperbolic  function 
(LH3)  was  reconsidered  for  evaluating  the  distribution  of 
droplet  diameters  [8].  The  function  provided  a  good  fitting 
curve  for  Diesel  type  spray  [5]  and  gasoline  type  spray  [6, 
7].  This  method  plots  the  particle  sizes  and  number  density 


distribution  on  a  diagram  of  logarithmic  scales  and  fit  a 
hyperbolic  curve  to  the  size  distribution.  The  function 
represented  by  the  hyperbolic  curve  has  three  parameters,  a, 
9  and  p.  The  a  defines  the  opening  angle  of  the  hyperbola, 
the  0  is  angle  of  the  axis  of  the  hyperbola  relative  to  the 
coordinate  system,  and  the  p  is  the  location  parameter 
defining  the  peak  of  the  distribution.  Since  these 
parameters  of  a,  6  and  p  are  related  to  the  shape  of  the 
fitting  curve,  the  droplet  size  distribution  can  be  discussed 
by  using  them.  Figure  13  shows  an  example  of  the 
measured  size  distribution  of  the  droplets  with  the  result  of 
the  LH3.  In  the  figure,  the  abscissa  is  logarithmic  scale  of 


droplet  diameter  of  the  histogram  and  the  ordinate  is 
logarithmic  scale  of  the  probability  density.  The  result  of 
the  LIB  is  obtained  by  using  maximum  likeness  estimation 
proposed  by  Bamdorff  &  Nielsen  [11],  The  fitting  curve  of 
the  LIB  provides  a  good  approximation  to  the  size 
distribution  of  the  air  assisted  spray.  Figure  14  indicates 
the  variation  of  the  three  parameters.  For  high  fuel 
temperature,  the  a  have  more  extent  than  that  for  the  low 
fuel  temperature  at  just  after  the  nozzle  exit.  These 
parameters  of  0  and  p  have  a  similar  tendency  with  each 
temperature  condition.  The  LIB  seems  to  be  useful  for 
describing  the  characteristics  of  the  spray. 


4.  CONCLUDING  REMARKS 

In  order  to  clarify  the  effect  of  the  fuel  temperature  on 
the  characteristics  of  the  intermittent  fuel  spray  initiated 
from  the  air  assisted  injector,  the  experimental  study  has 
been  performed  under  the  conditions  of  the  fuel 
temperature  changing  from  293K  to  413K.  N-heptane 
wliich  is  one  of  the  pure  fuel  was  used  for  detail  discussion. 
The  concluding  remarks  are  indicated  as  follows: 

1.  The  mean  velocity  of  the  droplets  in  the  fuel  spray 
become  large  with  increasing  fiiel  temperature.  These 
phenomena  tend  to  become  remarkable  with  increase  in 
fiiel  flow  rate.  Axial  flow  velocity  patterns  are  similar 
to  each  temperature  condition. 

2.  The  Sauter  mean  diameters  increase  in  the  region  from 
293K  to  343K  for  intermittent  spray  and  from  293K  to 
323K  for  steady  continuous  spray.  After  the  region,  they 
decrease. 

3.  For  high  fuel  temperature,  correlations  between  droplet 
velocity  and  diameter  are  different  from  that  of  room 
temperature  of  fuel.  In  the  results  of  the  correlation  at 
high  fuel  temperature,  the  number  of  droplets  with  high 
velocity  becomes  larger  than  that  for  the  low  fuel 
temperature. 

4.  From  the  results  of  diameter  classified  velocity  for 
various  fuel  temperatures,  small  decay  of  the  droplet 
velocity  is  observed  in  high  fuel  temperature  and  in 
large  diameter  droplets. 

5.  The  difference  in  the  correlation  at  the  different  fuel 
temperature  is  observed  at  the  fore  and  central  parts  of 
the  spray  cloud  with  time  dividing  method.  In  the  result 
of  the  part  of  F  and  C  under  the  high  fuel  temperature 
condition,  it  can  be  observed  an  existence  of  a  lot  of 
droplets  with  large  velocity. 

6.  Log-hyperbolic  function  (LIB)  well  fits  the  droplets 
size  distributions  of  the  spray.  The  three  parameters  at 
the  LIB  are  useful  for  describing  the  characteristics  of 
droplets  size  distribution  of  the  spray. 
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ABSTRACT 

The  droplet  characteristics  of  the  air-assisted  gasoline  in¬ 
jector  was  investigated.  A  Phase  Doppler  technique  was 
used  to  measure  droplet  diameter  and  its  velocity.  The  size- 
classes  technique  was  employed  and  found  to  be  the  best 
way  to  understand  what  kind  of  droplet  is  existing  in  shear 
flow  induced  mushroom  vortex  at  spray  shell.  The  detail 
spray  characteristics  near  nozzle  was  discussed  and  the 
double  shell  stmcture  was  found.  The  droplets  of  less  than 
20  pm  can  be  entrained  into  mushroom  vortex,  while  the 
larger  of  over  30  pm  penetrates  straight  to  downstream.  The 
slip  velocity  and  relative  Reynolds  number  were  used  in  data 
analysis  in  order  to  understand  the  momentum  transfer 
occurence  region  due  to  strong  drag  force.  The  spray  am- 
mation  was  demonstrated  with  the  ensembled  /  size-classi¬ 
fied  droplet,  which  was  found  to  be  the  powerful  tool  to  un¬ 
derstand  spray  formation  and  dispersion  process. 


1.  INTRODUCTION 

Fuel  spray  formations  by  gasoline  injector  [Lent  (1990), 
Heywood  (1988),  Arcoumanis  (1988),  Beck,  et  al.  (1986), 
Nuti  (1990),  and  so  on.]  have  been  used  in  internal  combus¬ 
tion  engines  in  order  to  improve  engine  performance  and  re¬ 
duce  e^aust  emission.  Understanding  of  mixture  forma¬ 
tion  requires  data  as  each  fuel  droplet  velocity,  diameter, 
evaporation  rate,  mass  flux,  entrained  air,  drag  coefficient, 
spray  shape,  penetration  and  so  on.  Direct  injections  have 
been  implemented  even  for  small  engines  such  as  a  two- 
stroke  engine  [Sato  &  Nakayama  (1987),  Schechter,  et  al. 
(1991),  Nuti  (1986),  Kermy,  et  al.  (1993))  in  order  to  im¬ 
prove  fuel  consumption  as  lean  combustion,  dynamic  range 
by  stratified  charge  and  derivability  having  stable  combus¬ 
tion  which  can  be  achieved  by  reducing  misfiring.  When 
injected,  the  fuel  spray  penetrates  into  air  by  forming  spray 
tip  and  spray  shell  surrounded  by  entrained  air.  The  shape, 
spray  angle  and  penetration  of  injected  spray  can  be  mea¬ 
sured  by  visualization  techniques  as  photo,  lasersheet 
[Kuwahara,  et  al.  (1994),  Shioji,  et  al.  (1991)],  exciplex 
[Felton  (1993)]  and  LIF  [Fujikawa,  et  al.  (1995)],  but  de¬ 
tailed  information  of  each  fuel  droplet  and  its  time  history 
can  not  be  obtained  by  planer  measurements.  The  planar 
image  methods  can  provide  two-dimensional  image  of  spray 


formation  at  a  certain  period  which  is  indispensable  for  un¬ 
derstanding  of  spatial  spray  structure,  but  can  hardly  provide 
sufficient  temporal  resolution. 

On  the  other  hand,  one  point  measurement  technique  for 
spray  study  such  as  a  phase  Doppler  technique  (PDA  or 
PDPA)  can  provide  very  high  temporal  resolution  of  droplet 
velocity  and  diameter,  but  this  is  only  one  point  measure¬ 
ment,  so  that  instantaneous  spatial  structure  of  spray  can  not 
be  obtained.  These  two  techniques  are  trade-off  relationship 
in  spatial  and  temporal  resolution  in  order  to  understand  the 
velocity  variation,  and  so  on. 

WTien  PDA  (or  PDPA)  is  applied  for  injector,  a  measuring 
system  set  up  should  not  be  the  same  as  that  used  for  steady 
spray  such  as  spray  burner.  A  system  set-up  optimization 
should  be  done  in  order  to  achieve  high  data  rate,  accepted 
rate,  spherical  ratio  vary  with  time  even  a  cycle.  The  bin 
number  (time-window)  should  be  carefully  chosen  in  consid¬ 
eration  of  data  number  and  required  time-window. 

In  data  analysis,  the  conventional  droplet  representation 
as  Sauter  mean  diameter  (SMD)  is  not  enough  to  understand 
the  evaporation  process.  A  size-classified  data  analysis 
[Presser,  etal.  (1995),  Kawahara,  etal.  (1995)]  is  one  of  the 
option  to  interpolate  the  physics  of  droplet  dispersion  and 
evaporation.  This  size-classified  techniques  have  been  ap¬ 
plied  in  steady  spray  experiment  and  very  simplified  case 
[Edwards  &  Rudoff  (1990),  Edwards,  et  al.  (1990),  Seay,  et 
al.  (1995),  Hodges,  et  al.  (1994)].  The  use  of  this  size-clas¬ 
sified  technique  for  injector  is  one  of  a  subject  for  future 
spray  research.  The  mass  flux  measurement  and  agglomera¬ 
tion  should  be  discussed  to  understand  gasfication  process 
and  rnixmre  formation.  It  is  the  best  way  for  PDA  to  imple¬ 
ment  this  size-classes  method  in  injector  study. 

We  have  measured  the  spray  formation  process  by  PDA 
and  showed  an  ensemble  averaged  Sauter  mean  diameter 
(SMD)  velocity  vector  as  a  planar  image  [Ikeda,  et  al. 
(1995)]. 

The  purpose  of  this  investigation  is  to  measure  each  drop¬ 
let  characteristics  and  classified  into  several  groups  in  order 
to  characterize  droplet  dynamic  such  as  follow  or  penetration 
and  dispersion  process  of  droplet  at  high  shear  flow  region 
and  spray  tip  by  means  of  slip  velocity  and  relative  Reynolds 
number  of  each  size-classified  droplet. 


2.  EXPERIMENTAL  APPARATUS 

An  air-assisted  injector  used  in  this  experiment  was  a 
practical  injector  for  the  two-stroke  marine  engine  of  over  22 
kW  (30  ps)  as  shown  in  Fig.  1  [Ikeda,  et  al.  (1995)].  A  fuel 
was  injected  in  a  cavity  and  then  an  air  injector  was  operated 
by  opening  a  poppet  valve. 

Figure  2  shows  an  experimental  apparams.  All  experi¬ 
ments  were  carried  out  under  non-combustion  and  open  air 
condition.  The  pressure  difference  of  air  and  fuel  was  set  up 
to  100  kPa  and  the  air  pressure  was  varied  for  different  en¬ 
gine  load  conditions.  A  crankangle  was  set  up  and  its  timing 
signal  was  used  to  demonstrate  an  actual  operating  condition. 
The  injector  drive  voltage  was  used  as  a  starting  trigger  sig¬ 
nal  and  the  set-up  timing  was  used  as  reference  signal.  The 
experiment  was  done  under  open  air  condition  and  surround¬ 
ing  air  was  sucked  out  by  a  blower  to  prevent  from  adhesion 
of  fuel  on  to  the  optics.  An  argon-ion  laser  was  used  and  the 
laser  power  at  the  measurement  volume  was  set  up  over  300 
mW  [Ikeda,  et  al.  ( 1992)].  For  optimizing  the  measurement 
systems,  four  types  of  optics  have  been  tried  to  optimize  this 
measurement  system  having  high  data  rate  and  less  measure¬ 
ment  uncertainly  as  shown  in  Table  1 .  Since  a  bandwidth  of 
a  processor  was  fixed,  measurable  velocity  and  diameter 
were  determined  by  the  size  and  the  fringe  spacing  of  mea¬ 
surement  volume.  Long  focal  length  is  desirable,  but  the 
resolution  in  velocity  and  diameter  decrease,  furthermore, 
the  light  scattered  intensity  from  large  measurement  volume 
causes  low  SNR  (Signal-to-Noise  ratio)  signal  [Ikeda,  et  al. 
(1990,  1991)].  The  small  measurement  volume  is  the  best 
way  to  increase  SNR.  On  the  contrary,  the  maximum  veloc¬ 
ity  and  diameter  were  limited  due  to  small  fringe  spacing  and 
its  measurement  volume  size.  In  this  way,  the  optimization 
process  is  a  very  important  factor  in  actual  measurements  to 
enhance  reliability  and  data  rate. 

A  drysolvent  which  has  a  refractive  index  of  1.427  was 
used  as  a  fuel  instead  of  gasoline.  The  specific  density  of  the 
drysolvent  of  0.77  g/cm3  is  very  similar  to  that  of  gasoline 
(0.7-0.8g/cm’).  The  scattering  angle  of  68  degree  was  deter¬ 
mined  by  first  order  refraction  angle  [Pitcher,  et  al.  (1990)]. 
An  ensemble  averaged  technique  using  a  phase  locking 
method  of  one  degree  resolution  was  implemented  [Ikeda,  et 
al.  (1995)]. 


3.  MEASUREMENT  RESULTS 
3.1  Two  Dimensional  Image  of  Spray 

Direct  pictures  of  the  injected  spray  are  shown  in  Fig.  3 
[Ikeda,  et  al.  (1995)].  It  is  clear  that  there  is  mushroom 
vortex  induced  by  shear  stress  at  spray  shell.  The  spray  tip 
velocity  calculated  from  these  picture  is  about  64  m/s.  For 
farther  discussion,  a  YAG  laser  sheet  was  used  to  take  a  two 
dimensional  spray  image  as  shown  in  Fig.  4.  These  shots 
are  direct  pictures  at  a  certain  cycle.  It  is  well  known  that 
there  is  a  cycle  -to-cycle  variation  in  this  kind  of  air-assist 
injector.  Then,  two  pictures  at  different  cycle  at  the  same 
timing  are  shown  in  the  same  figure.  These  picture  results 
indicate  the  importance  and  need  to  analyze  the  spray  by  2-D 
image  having  high  temporal  resolution,  but  the  laser  sheet 
visualization  could  not  provide  time  variation  information 
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Fig.  1  Schematic  of  air-assist  injector 
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Fig.  2  Schematic  of  experimental  apparatus 


Table  1  Performance  of  FLDV  probe  for  PDA 
measurement 

Type  A  Type  B  Type  C  Type  D 


Forcal  length  (mm) 

300.0 

600.0 

310.0 

600.0 

Spot  diameter  (pm) 

63.0 

126.0 

228.0 

440.0 

Fringe  spacing  (pm) 

2.6 

5.2 

4.3 

8.3 

Fringe  number 

24 

24 

54 

53 

Maximum  diameter  (pm) 

50.7 

101.4 

81.7 

157.5 

Maximum  velocity  (m/s) 

31.6 

47.1 

128.2 

248.0 

Minimum  velocity  (m/s) 

-7.9 

-15.7 

-25.6 

•49.6 

Wavelength  (nm) 
where. 

632.8 

632.8 

514.5 

514.5 

Focal  length  of  receiving  optics  :  310  mm 
Band  widht  of  signai  processor  :  36  MHz 
Frequency  shift  :  40  MHz 


and  diameter  information.  This  is  a  trade-off  relation. 
Once  we  use  one  point  measurement  we  shall  loose  the 
cycle-to-cycle  variation  information  and  spatial  structure 
variation.  Even  by  one  point  measurement  with  ensemble 
averaged  data,  the  two  dimensional  image  of  spray  can  be 
demonstrated  its  spatial  structure  as  shown  in  Fig.  5.  The 
Sauter  mean  diameter  (SMD)  having  its  velocity  vector  are 
shown  in  this  figure. 
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Fig.  4  Laser  light  sheet  image 
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Fig.  5  SMD  velocity  vector  [Ikeda,  et  al.  (1995)] 
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Fig.  6  Spray  characteristics  near  nozzle 


3.2  Spray  Tip  Characteristics  near  Nozzle 

Figure  5  shows  that  small  droplets  injected  at  an  early  pe¬ 
riod  and  the  larger  one  caught  up  with  the  spray  tip.  Near 
nozzle  at  6  mm,  further  characteristics  is  examined  in  Figs.  6 
and  7.  Figure  6  shows  the  Sauter  mean  diameter,  ensemble 
averaged  axial  velocity  and  size-classified  axial  velocities  on 
the  center  axis  near  nozzle  (6  mm).  It  is  found  that  there  are 
two  peaks  in  all  three  figures,  which  mean  the  spray  tip  trav¬ 
els  and  passes  at  a  point,  and  secondary  spray  tip  exists  and 
catch  up  with  it,  or  spray  shell  at  the  tip  may  be  double  shell 
structure.  The  first  velocity  peak  was  over  80  m/s  in  the 
ensemble  averaged,  but  this  maximum  velocity  was  due  to 
small  droplet  less  than  20  |Am  as  shown  in  figure.  The  sec- 
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ond  velocity  peak  has  less  velocity  differences  for  each  size- 
classes.  The  first  peak  is  over  80  m/s  but  the  second  one  is 
about  30  m/s. 

In  droplet  diameter,  the  SMD  is  increasing  with  time  and 
the  SMD  can  be  estimated  around  40  -  50  pm  in  spray  tail, 
which  can  hardly  be  understood  with  size-classified  data. 
The  SMD  has  been  a  very  effective  value  to  discuss  spray 
characteristics  but  the  value  is  not  fit  to  these  phenomena  as 
accelerated  and  entrained. 

For  understanding  these  spray  tip,  droplet  diameter  distri¬ 
butions  at  6  and  18  mm  on  the  center  axis  are  shown  in  Fig.  7. 
Near  nozzle,  the  peak  of  droplet  diameter  distribution  is  the 
same  diameter,  while  the  second  peak  of  diameter  distribu¬ 
tion  is  almost  flat  at  18  mm.  It  is  assumed  this  is  due  to 
droplet  agglomeration,  which  can  hardly  be  explained  in  this 
measurement. 

Anyway,  these  are  two  velocity  peaks  in  the  spray  tip,  and 
the  first  one  was  yielded  by  small  droplet  of  less  than  below 
20  pm. 

33  Droplet  Characteristics  on  the  Center  Axis 

These  two  velocity  peaks  disappeared  in  downstream 
over  18  mm  as  shown  in  Fig.  8.  This  distance  of  50  mm  is 
almost  the  same  as  a  cylinder  stroke  in  two  stroke  engine. 
Near  nozzle  the  SMD  increases  with  time,  in  which  two  ve¬ 
locity  peaks  exist.  At  30  mm,  there  is  only  one  velocity 
peak.  Here,  the  SMD  shows  its  value  over  90  pm  which  can 
not  be  understood  by  this  nozzle  characteristics.  This  SMD 
velocity  peak  decreases,  but  still  shows  the  larger  value  of  60 
pm.  At  54  mm,  the  size-classified  data  shows  very  little 
discrepancies  in  each  class  velocity. 

For  further  understanding  of  spray  tip  development,  axial 
slip  velocity,  radial  slip  velocity  and  relative  Reynolds  num¬ 
ber  are  shown  in  Fig.  9.  An  air  velocity  was  defined  as  the 
droplet  velocity  of  less  than  5  pm. 
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Fig.  8  Spray  characteristics  on  the  axis 
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Fig.  7  Droplet  diameter  distribution  at  double  shell  stracture 


Fig.  9  Slip  velocity  and  Reynolds  number 


At  6  mm,  there  are  two  negative  peaks  both  in  axial  and 
radial  slip  velocities.  Both  velocities  show  that  the  larger 
droplet  moves  slowly  and  the  smaller  one  travels  very  fast. 
The  first  and  second  peaks  have  the  same  characteristics. 

At  54  mm,  the  smaller  droplet  moves  faster  than  the  air 
motion  which  indicates  positive  slip  velocity.  This  is  due  to 
that  the  compressed  air  moves  the  droplets  downstream  near 
nozzle,  then  the  droplet  accelerated.  At  a  certain  distance 
the  air  motion  was  decreased  by  loosing  its  momentum,  but 
the  accelerated  droplet  increases  its  velocity  and  remains  it. 
Then,  the  slip  velocity  changes  its  unit  from  negative  to  posi¬ 
tive. 

Relative  Reynolds  number  was  calculated  with  its  aver¬ 
aged  diameter  of  each  size-classes  and  its  averaged  velocity 
in  order  to  demonstrate  a  followable  limit.  Near  the  nozzle 
the  limit  size  of  the  influenced  droplet  is  about  10  -  20  pm, 
while  its  influenced  droplet  size  increases  with  distance. 

3.4  Spray  Shell  Characteristics 

Here,  the  details  droplet  characteristics  at  spray  shell  will 
be  discussed.  As  easily  predicted,  there  is  strong  shear  re¬ 
gion  at  spray  shell  region  due  to  strong  drag  force.  A  drop¬ 
let  momentum  will  be  decreased  and  the  droplet  evaporates. 
There  is  the  mushroom  vortex  as  shown  in  Figs.  3  and  4. 

It  is  found  that  the  SMD  is  not  a  best  representative  value 
for  spray  characteristics  in  acceleration  region  on  the  center 
axis  where  droplets  collapse  and  large  droplets  push  the  pre¬ 
vious  droplet  downstream.  Then  let's  see  that  at  strong  shear 
region.  Figure  10  shows  the  SMD,  ensemble  averaged  axial 
velocity,  size-classified  velocity  of  axial  and  radial  direc¬ 
tions. 

There  is  no  obvious  two  velocity  peaks  as  observed  on  the 
center  axis  near  nozzle,  but  it  is  possible  to  see  that  there  is 
same  hollow  in  velocity.  In  axial  velocity,  the  velocity  peak 
increases  with  distance,  which  is  the  contrary  on  the  center 
axis.  Near  nozzle,  small  droplets  exist  for  long  period,  while 
the  small  droplet  looses  its  velocity  and  larger  droplets  have 
large  axial  velocity. 

In  the  SMD,  There  are  very  ambiguous  peaks,  which  was 
yielded  after  axial  velocity  peak.  This  is  due  to  droplet  ag¬ 
gravation  at  spray  tail.  It  is  also  found  the  it  is  very  difficult 
to  discuss  the  spray  characteristics  just  by  the  SMD. 

In  radial  velocity,  small  droplets  travels  to  outside  near 
nozzle,  but  at  distance  droplet  radial  velocity  decays  rapidly 
and  shows  negative  value  which  can  be  understood  the  nega¬ 
tive  pressure  on  the  center  line.  At  spray  tail,  larger  droplets 
show  larger  radial  velocity  than  the  smaller. 

The  slip  velocity  and  relative  Reynolds  number  are  shown 
in  Fig.  11.  Near  nozzle,  the  positive  slip  velocities  were 
caused  both  in  axial  and  radial  directions.  The  small  droplet 
of  10  -  20  pm  has  larger  slip  velocity,  which  can  be  under¬ 
stood  that  the  droplet  under  10-20  pm  can  follow  to  turbu¬ 
lent  air  motion  but  the  larger  droplet  over  10  -  20  pm  wiU 
have  drag  and  its  trajectory  will  not  the  same  as  that  of  air. 

3.5  Size-Classified  Velocity  Vector 

The  size-classified  velocity  vectors  of  less  than  10  pm 
and  over  30  pm  are  shown  in  Figs.  12  and  13. 

At  1.875  ms,  the  smaller  droplet  has  large  velocity  and  its 
angle  is  large,  while  the  large  droplet  shows  less  velocity. 
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Fig.  1 1  Slip  velocity  and  Reynolds  number  at  spray  shell 

The  velocity  vector  of  the  small  droplet  started  to  rotate  in 
counter-clock  wise  direction  at  spray  shell  due  to  strong 
shear  flow.  In  this  mushroom  vortex,  the  small  droplet  ve¬ 
locity  decreases  rapidly  and  diminishes. 

On  the  other  hand,  the  large  droplet  velocity  vectors  show 
a  shear  flow  induced  vortex  at  its  spray  shell  and  injected 
angle  is  almost  straight. 

For  better  understanding,  four  size-classified  droplet  ve¬ 
locity  vectors  are  freezed  at  2.875  ms  as  shown  in  Fig.  14. 
Obviously,  there  is  shear  flow  induced  mushroom  vortex  in 
the  small  droplet.  At  spray  tip,  the  small  droplet  slows  larger 
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velocity  than  the  larger.  The  larger  droplet  vectors  have 
straight  and  narrow  injection  angle.  There  are  no  larger 
droplets  of  over  30  nm  at  the  spray  shell  region.  (x/D<7). 

The  spray  angle  of  each  size  classes  and  momentum  de¬ 
cay  should  be  quantified  in  order  to  understand  evaporation 
process  and  mixture  formation.  Then,  the  air  motion  and 
turbulent  energy  intensity  profiles  are  shown  in  Fig.  15.  The 
large  turbulent  energy  area  shown  in  dark  spot  means  strong 
shear  flow  region.  At  early  injection  period,  the  larger  spot 
locates  at  the  center  axis.  The  dark  area  appears  at  the  spray 
shell  region  in  the  next  stage.  The  slip  velocity  vector  shows 
the  large  vector  angle  at  the  strong  shear  region. 
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Fig.  13  Large  droplet  trajectory 


Fig.  14  Size-classified  droplet  dynamics  at  2.875  msec 
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Fig.  15  Air  flow  motion,  turbulent  kinetic  energy  and  slip 
velocity  of  small  droplet 
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Fig.  16  Size-classified  droplet  velocity  and  slip  velocity  vector 


3.6  Spray  Animation 

The  spray  animation  of  size-classified  droplet,  slip  veloc¬ 
ity  vector  with  air  flow  motion  are  shown  in  Fig.  16.  It  is 
quite  nice  to  see  how  injection  processes  are  taken  and  the 
momentum  decay  and  acceralation  processes  looks  like.  In 
an  early  period,  the  small  droplet  has  large  velocity  and  influ¬ 
enced  by  the  shear  flow.  The  mushroom  vortex  was  caused 
at  the  spray  shell  and  consisted  of  small  droplet  of  less  than 
10  |i,m.  The  larger  droplet  penetrated  straight  to  down¬ 
stream.  The  large  slip  velocity  vector  area  was  the  strong 
shear  region  in  which  droplet  evaporates  due  to  strong  drag 
force. 

The  PDA  is  a  one  point  measurement  technique,  however, 
this  kind  of  spray  animation  is  the  one  of  breakthrough  in 
spray  research. 


4.  CONCLUSION 

The  spray  characteristics  of  air-assisted  gasoline  injector 
has  been  investigated  by  phase  Doppler  measurements.  The 
summarize  is  as  follows; 

A  two-dimensional  planer  image  of  size-classified  droplet 
was  demonstrated  to  understand  the  spatial  structure  of  spray 
formation.  It  is  found  that  the  Sauter  mean  diameter  is  not 
the  best  representation  value  at  accelaration  region,  and  the 
size-classes  technique  is  very  useful  to  understand  detail 
spray  characteristics.  The  slip  velocity  and  relative 
Reynolds  number  was  implemented  to  show  the  momentum 
transfer  region  which  is  due  to  strong  drag  force.  The  mush¬ 
room  vortex  was  formed  by  the  strong  shear  flow  at  spray 
shell  and  consists  of  the  small  droplet  of  10  -  20  pm.  A 
double  spray  tip  strucmre  was  found  near  nozzle,  which  di¬ 
minish  rapidly  with  distance.  The  droplet  larger  than  30  pm 
penetrates  almost  straight  to  downstream.  It  is  found  that 
this  spray  animation  can  be  the  most  powerful  tool  to  under¬ 
stand  momentum  transfer  process. 
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ABSTRACT 

This  paper  concerns  an  experimental  investigation 
of  the  rotor  aerodynamic  field  in  hovering  flight.  The 
study  emphasizes  the  characterization  of  the  flowfield 
in  the  immediate  vicinity  of  the  blade  and  in  its  near 
wake. 

The  analysis  of  the  near  wake  characteristics  shed 
by  a  hovering  rotor  blade,  is  supported  by 
measurements  performed  on  the  3D  velocity  field 
around  the  blade  and  in  the  wake  (determined  by  means 
of  a  long  focal  length  laser  velocimetry  method).  In 
the  present  study,  a  detailed  survey  of  the  rotor  blade 
near  wake  region  has  been  performed  to  directly 
measure  the  streamwise  velocity  deficit. 

A  specific  L.V,  data  processing  method  based  on 
the  momentum  equation  applied  around  a  blade 
section  and  in  its  near  wake,  has  been  developped  to 
identify  the  contribution  of  the  profile  drag 
component  to  the  total  sectional  drag  coefficient. 


1.  INTRODUCTION 

The  design  and  the  accurate  prediction  of  the 
hovering  rotor  performance  requires  nowadays  a 
realistic  knowledge  of  several  aerodynamic  parameters 
induced  by  both  the  vortical  wake  and  the  rotor  blades 
(see  Caradonna  (1990),  Landgrebe  (1986), 
Ramachandran  et  a.  (1989),  Steinhoff  et  a.  (1987)). 
Among  such  parameters  a  better  knowledge  of  drag 
mechanisms  will  constitute  a  valuable  aid  in  the 
numerical  modeling  of  local  and  overall  airloads  (see 
Favier  et  a.  (1987),  Maresca  et  a.  (1988),  Steinhoff  et 
a.  (1987)). 

In  order  to  investigate  such  drag  mechanisms 
previous  works  from  the  present  group  (Berton  et  a. 
(1994),  Favier  et  a.  (1994),  Ramos  et  a.  (1994),  Silva 
et  a.  Q993))  have  been  devoted  to  develop  Laser 
Velocimetry  methods  capable  to  determine  sectional 
loads  contributions  to  overall  hover  performance.  For 


instance  a  Laser  Velocimetry  methodology,  so  called 
KME-method  (for  Kutta  and  Momentum  Equation) 
have  been  derived  for  determining  the  total  lift  and 
drag  sectional  coefficients  along  the  blade  span. 

The  present  paper  is  focusing  on  development  of  a 
new  flow  scanning  technique  based  on  laser 
velocimetry  to  determine  the  near  wake  characteristics 
shed  by  a  hovering  rotor  blade,  and  on  a  correlation 
with  the  blade  profile  drag.  What  follows  is  a  brief 
description  of  the  experimental  methodology  (section 
2)  based  on  a  Laser  Velocimetry  measurement  of  the 
flow  field  around  the  blade  sections.  The 
methodologies  associated  to  the  theoretical  analysis  of 
the  blade  near  wake  characteristics  and  to  the  blade 
profile  drag  determination  method  (WMD-method  for 
Wake  Momentum  Deficit)  are  described  in  section  3. 
Some  examples  of  the  results  provided  by  such 
methods  are  also  presented  in  section  3.  An 
estimation  of  the  efficiency  of  the  WMD-method 
developped  for  determining  the  profile  drag 
contribution  to  the  total  drag  is  also  included. 


2.  EXPERIMENTAL  SET-UP  AND 

MEASUREMENTS  METHODS 

2. 1  Experimental  Facility  Description 

The  model-scale  of  rotor  (from  the  Aeroflight 
Dynamics  Directorate-AFDD  at  Nasa  Ames)  is  set  up 
on  the  hovering  test  rig  of  the  SI -Luminy  wind 
tunnel.  The  test  stand  itself  is  mounted  on  an  anti¬ 
vibration  pad  within  the  wind  tunnel  test  hall. 

The  photograph  in  Figure  1  shows  the  rotor  model 
mounted  for  testing  in  the  hovering  flight 
configuration.  Shown  in  the  foreground  is  the  rotor 
hub  with  the  L.V.  optics  traverse  visible  in  the 
background.  Note  the  orientation  of  the  rotor  disc 
plane.  The  rotor  is  mounted  by  means  of  an 
horizontal  supporting  mast,  so  that  the  center  of  the 
rotation  is  located  2.90  m  above  the  ground.  The  rotor 
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drive  shaft  terminates  in  a  right-angle  gear  box  which 
can  be  rotated  to  allow  any  desired  inclination  of  the 
rotor  hub.  An  inverted  orientation  (thrust  down,  wake 
up)  was  chosen  so  that  the  distance  between  the  rotor 
hub  and  the  ceiling  in  this  configuration  is  13  m  (6.5 
rotor  diameters). 


2.2  Rotor  Model  Description 

The  rotor  system  tested  was  a  2  bladed,  2.13  m 
diameter,  teetering  rotor  configuration  with 
rectangular  tip  blades.  The  blades  are  of  a  stiff 
graphite  composite  construction  designed  to  minimize 
aeroelastic  deformations.  Key  geometric  features  of 
these  blades  are  summarized  in  Table  1.  The 
rectangular  tip  blades  employ  a  constant  VR-12 
profile  and  twist  rate  from  root  to  tip. 

Table  1.  Description  of  AFDD  1/7  scale  rotor 


Number  of  blades 
Rotor  radius 
Inboard  chord 
Blade  aspect  ratio 
Cutout 

Thrust-weighted 

solidity 

Twist  distribution 


Airfoil  distribution 


2 

1066.8  mm  (42.0  in) 

89.4  mm  (3.521  in) 

11.928 

.28R 

.05027 

15.428  deg  @  .28R 
8.72  deg  @  .86R 
6.30  deg  @  l.OR 
VR-12, 3  deg  tab 


2.3  Measurements  Procedures 


Several  measurements  techniques  suited  for 
surveying  the  flow  in  the  near  and  far  wake  regions 
and  around  the  blades  have  been  developed  (see  Berton 
et  a.  (1994),  Favier  et  a.  (1994),  Ramos  et  a.  (1994), 
Silva  et  a.  (1993))  including  X-wires  anemometry  and 
a  long  focal  (2m  to  2.5m)  L.V.  technique. 

Overall  forces  measurements  (averaged  thrust  and 
torque)  are  performed  by  means  of  a  6-components 
balance  mounted  on  the  rotor  hub.  Tip  vortex  path  are 
measured  by  means  of  a  hot-wires  technique  which 
allows  the  determination  of  the  wake  position  as  a 
function  of  the  blade  azimuth. 

The  three-dimensional  velocity  field  is  measured 
by  a  fiber  optic  laser  velocimeter  system.  In  the 
vicinity  of  the  blade  the  velocity  components  U,V  and 
the  axial  component  W  are  determined  by  L.V.  in  a 
fixed  coordinates  system.  Figure  1  provides  a  view  of 
the  L.V.  system  showing  the  traverse,  optics,  and  the 
beam  intersection  forming  the  L.V.  measuring 
volume.  A  glycerin-based  smoke  generator  was  used 
to  seed  the  flow.  Use  of  a  500  step  encoder  provides 
an  azimuthal  resolution  of  0.72  deg  (approximately 
.15  chords  at  .75R).  The  velocities  used  in  our 
analyses  are  statistical  averaged  over  an  average 


minimum  of  30  to  40  samples  per  time  step.  Detailed 
characterization  of  the  flowfield  is  made  possible  by  a 
combination  of  the  .1  mm  step  resolution  afforded  by 
the  laser  optics  traverse  and  the  .3  mm  diameter  of  the 
L.V.  system  measuring  volume.  The  initiation  and 
synchronisation  of  the  instantaneous  acquisition  data 
are  realized  by  means  of  a  photo-cell  delivering  the 
azimuthal  origin  ('P  =  0  deg).  Figure  2  presents 
typical  axial  and  tangential  velocity  time  histories 
obtained  using  the  present  L.V.  system.  These  figures 
also  show  that  the  L.V.  system  is  capable  of 
resolving  periodic  flow  features  such  as  those  which 
define  the  blade  passage  (at  90  deg  and  270  deg). 


3.  RESULTS  AND  DISCUSSION 
3 . 1  Analysis  of  the  Blade  Near  Wake  Characteristics 

Using  L.V.  application  for  performing  the 
scanning  of  the  flow  field  involves  a  detailed  survey  of 
the  rotor  blade  near  wake  region  to  directly  measure 
the  streamwise  velocity  deficit.  Figure  3  describes  the 
notations  and  parameters  used  in  the  present  study  in 
order  to  cany  out  an  accurate  characterization  of  the 
flowfield  in  the  near  wake  of  the  blade  (see  Favier  et  a. 
(1994)). 

Wake  velocity  measurements  were  performed  for 
a  low-lift  operating  condition  at  0=2  deg  for  collective 
at  1200  RPM  and  three  radial  stations,  0.55R,  0.75R, 
and  0.85R. 

From  the  L.V.  measurements  a  detailed 
description  of  the  wake  shed  from  the  airfoil  section 
into  consideration  can  be  obtained  as  exemplified  in 
Figure  4  at  r/R=0.75.  The  plots  represent  the 
evolution  of  the  profile  of  tangential  velocity  deficit 
in  the  wake  of  the  airfoil  section  at  low  pitch  value 
(0=2  deg).  To  characterize  the  velocity  deficit  profile 
within  the  wake  sheet,  the  L.V.  survey  was  tightened 
to  AZ=lmm  step  size  in  the  axial  direction.  Figure  4 
presents  the  measured  tangential  velocity  field  as  a 
function  of  the  distance  from  the  blade  trailing  edge. 
Note  the  loss  of  profile  resolution  between  2  to  3 
chords  aft  of  the  blade  trailing  edge,  as  the  wake  sheet 
is  convected  downward  out  of  the  refined  survey  grid 
region. 

Figure  5  presents  in  greater  detail,  a  typical 
velocity  deficit  profile  measured  for  a  radial  section 
r/R=0.75,  within  the  wake  sheet  at  a  distance  x/c=2 
from  the  airfoil  trailing  edge.  Convection  of  the  wake 
downstream  of  the  airfoil  is  shown  in  Figure  6,  by  the 
evolution  of  the  maximum  profile  peak  velocity  as  a 
function  of  distance  from  the  blade  trailing  edge, 
which  presents  a  linear  behaviour. 

An  other  wake  characteristic  parameter  is  L, 
defined  as  the  width  of  the  wake  at  the  half  value  of 
the  maximum  velocity  deficit.  Figure  7  shows  the 
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linear  evolution  of  this  wake  limits  parameter  as  a 
function  of  the  distance  from  the  blade  trailing  edge. 

Assuming  self-preservation,  it  can  be  shown 
from  application  of  the  equations  of  motion  and  mass 
conservation  that  the  velocity  distribution  in  the 
wake,  is  represented  approximately  by  (see  Favier  et  a. 
(1994)) : 

2 

.TT  -41n(2)^ 

-^  =  e  2  (1) 

AUm 

where  AU  is  the  mainstream  velocity  defect, 
AUm  the  maximal  velocity  defect  at  Z=0,  and  ti=Z/L 
where  L  is  defined  as  indicated  above. 

Figure  8  presents  an  example  of  comparisons 
between  this  theoretical  formulation,  and  the  L.V. 
measurements  at  the  distances  x/c=l,5  and  x/c=2,6  (c 
is  the  chord  lengh),  and  shows  the  validity  of  equation 
(1)  in  the  case  of  a  rotor  blade  near  wake  for  low 
values  of  0. 

Also,  it  has  been  shown  by  Favier  et  a.  (1994) 
that  the  evolution  of  the  wake  centre-line  velocity 
defect  can  be  modelled  according  to  the  following 
formulation  : 


where  K  is  a  constant. 

Dissipation  of  the  wake  downstream  of  the 
airfoil  (as  evidenced  by  a  reduction  in  the  profile’s 
peak  velocity)  is  shown  in  Figure  9.  In  this  Figure, 
experimental  results  obtained  at  the  radial  station 
r/R=0.75,  are  compared  with  the  theoretical 
formulation  (2).  It  is  shown  that  both  the  equations 
(1)  and  (2)  provide  very  good  approximations  of  the 
experimental  data. 

3.3  WMD-Method  For  Profile  Drag  Determination 

Expressed  in  terms  of  the  fixed  frame 
perturbation  velocity  measured  by  the  L.V.  system, 
the  profile  drag  determination  method,  sketched  in 
Figure  10,  has  been  already  described  in  details  by 
Ramos  et  a.  (1994),  Silva  et  a.  (1993). 

The  WMD-method  for  the  determination  of  profile 
drag,  is  based  on  the  application  of  the  momentum 
equation  to  the  measured  velocity  profile  in  the  wake. 
As  shown  in  Figure  10,  the  profile  drag  coefficient  at 
a  given  radial  section  of  the  blade  is  determined  as  a 
function  of  the  wake  velocity  deficit  in  the  near  wake 
of  the  airfoil.  Using  the  present  L.V.  system,  the 


WMD  method  can  easily  be  applied  to  the  case  of  a 
hovering  rotor.  The  assumptions  on  which  the  WMD 
formulation  is  based,  namely  that  no  pressure  forces 
contribute  to  the  streamwise  momentum,  and  that  no 
net  streamwise  momentum  flux  exists  across  the 
control  surfaces  normal  to  the  freestream,  are  fair 
approximations  for  the  case  of  a  hovering  rotor  at  low 
lift  conditions.  Ideally  the  integration  is  performed  far 
enough  downstream  from  the  airfoil  that  the  static 
pressure  across  the  wake  is  equivalent  to  that  of  the 
undisturbed  freestream. 

The  WMD-method  has  then  been  applied  to  the 
tangentiel  velocity  deficit  profile  measured  in  the  wake 
to  get  the  profile  drag  contribution  Cdp  as  sketched  in 
Figure  10.  In  the  flow  conditions  of  Figure  4,  at  the 
low  pitch  angle  value  0=2  deg  and  r/R=0.75,  the  Cdp 
coefficient  can  be  directly  determined  as  a  function  of 
the  downstream  distance  from  the  airfoil  trailing  edge. 

A  simple  trapezoidal  integration  algorithm 
centered  on  the  tangential  velocity  profile  peak 
velocity  and  bounded  by  the  profile  zero  crossings 
provided  the  evolution  of  the  Cdp  coefficient  shown  in 
Figure  1 1  as  a  function  of  the  distance  x/c  behind  the 
blade  trailing  edge.  The  results  in  Figure  1 1  indicate 
that  for  a  distance  x/c>2  from  the  trailing  edge,  the 
profile  drag  Cdp  derived  from  the  integrated  wake 
deficit  profile  has  a  constant  value.  For  distance  x/c  < 
2  the  sharp  decrease  in  the  Cdp  values  is  to  be 
attributed  to  the  fact  that  the  wake  is  not  yet 
completely  developped  at  such  distances  close  to  the 
trailing  edge. 

At  a  trailing  distance  of  x/c>2  chords,  the  Cdp 
values  calculated  from  the  measured  wake  momentum 
deficits  at  0.75R,  is  approximately  0.(X)92.  The  result 
compare  favourably  with  the  .0090  Cdp  value 
commonly  quoted  for  the  VR-12  airfoil  at  similar 
Reynolds  numbers.  Figure  11  suggests  that  the 
integration  of  the  results  stabilizes  within  the  second 
chord  length  aft  of  the  trailing  edge,  remains  fairly 
constant  over  the  next  6  chord  lengths,  and  slowly 
diminishes  beyond  8  chord  lengths.  This  behavior 
appears  to  be  due  to  the  wake  dissipation  with  distance 
behind  the  trailing  edge. 


5.  CONCLUSIONS 

The  present  paper  has  concerned  an  experimental 
investigation  of  the  drag  mechanisms  occuring  on  a 
helicopter  rotor  blades  in  hovering  flight.  The 
experimental  approach  conducted  by  means  of  local 
measurements  has  been  focused  on  determining  the  3D 
velocity  field  around  the  blade  and  in  its  wake.  An 
effort  in  evaluating  and  improving  the  prediction 
efficiency  of  the  profile  drag  contribution  to  the  total 
sectional  drag  has  been  done  by  developping  specific 
L.V.  data  processing  method  based  on  the  momentum 
equation  applied  around  a  blade  section. 
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In  the  present  study,  a  detailed  survey  of  the  rotor 
blade  near  wake  region  has  been  performed  to  directly 
measure  the  streamwise  velocity  deficit.  From  such 
data  sets,  a  theoretical  analysis  has  been  carried  out  in 
order  to  determine  the  eharacteristics  of  the  flowfield 
in  the  immediate  vicinity  of  the  blade  and  in  its  near 
wake  for  low  collective  pitch  conditions. 
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NOMENCLATURE 

b  Number  of  blades 

c  Constant  blade  chord,  (c=0.05  m) 

Cl,Clt  Total  lift  coefficient  of  airfoil  sections 
Cd,Cdt  Total  drag  coefficient  of  airfoil  sections 
Cdp  Profile  drag  coefficient  of  airfoil  sections 
Cdi  Induced  drag  coefficient  of  airfoil  sections 

Cj  Rotor  thrust  coefficient 

Cq  Rotor  power  coefficient 

r  Blade  circulation  along  the  span,  (m^.s'l) 
n  Blade  rotational  firequency,  (rps) 

P  Static  pressure,  (Pa) 

0  Collective  pitch  angle  at  r/R=0.75,  (deg) 

Gy  Blade  twist  law,  (deg) 

r  Radial  distance  from  the  rotation  axis,  (m) 

R  Rotor  blade  radius,  (R=0.75  m) 

Ro  Root  cut  out,  (Ro=0.22R) 

O  Rotor  solidity  (a=bc/n;R) 

T, Q  Rotor  thrust  and  torque,  (N,  N.m) 

u,  1  Upper  and  lower  side  of  the  blade  sections 

U, V,W  Radial,  tangential  and  axial  velocities 
Vg  Rotational  tip  speed  (Vg  =  HR),  m.s"^ 

Q  Angular  rotational  frequency,  (Q=143  rad.s'^ ) 
y,  xjfb  Angular  blade  rotation,  (deg) 
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Figure  1.  Laser  Velocimetry  System 


Figure  3.  Parameters  and  notations  used  in  an  airfoil  wake  characterization 
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Figure  4.  Measured  tangential  velocity  field  showing  the  evolution  of  the  tangential  velocity  profile 
with  distance  from  the  blade  trailing  edge  ;  G=2  deg;  r/R=0.75;  f2=125.7  rad.s‘^ 


Figure  6.  Trailing  edge  position  Figure  7.  Evolution  of  the  width  L  with  distance 

0=2  deg;  r/R=0.55  behind  blade  trailing  edge 
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Figure  8.  Comparisons  on  the  velocity  distribution  in  the  wake  ;0  =  2  deg  ;  r/R  =  0.55 


AUm/Ue 


Figure  10.  Determination  of  profile  drag  coefficient 


r/R=0.75 


Figure  11.  Profile  drag  coefficient 
derived  from  integrated  velocity 
profiles  ;  6=2  deg;  Q=125.7rd.s'^ 
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•EHE  APPLICATION  OF  LASER  ANEMOMETRY  TO  EDDY  CAPTURE  IN  A  PROPELLER  INFLOW 


J.M.Harden  and  M.V.Lowson 

Department  of  Aerospace  Engineering 
University  of  Bristol,  England. 


ABSTRACT 

Tlie  statistical  properties  of  a  turbulent  flow  at  a 
point  may  be  measured  using  either  laser  or  hot-wire 
anemometry.  However,  data  relating  to  the  modification 
of  individual  flow  structures  precludes  the  use  of  such 
techniques  in  a  conventional  manner,  especially  in  regions 
of  high  Reynolds  stress.  It  is  this  type  of  measurement, 
maHp  with  a  Dantec  3D  laser  Doppler  anemometer  (LDA) 
in  a  novel  configuration,  which  is  described  for  the  flow 
through  the  axisymmetric  contraction  produced  upstream 
of  a  0.63  m  diameter  model  propeller  operating  under  high 
thrust  conditions.  The  principal  modifications  to  tlie 
conventional  LDA  configuration  involved  separating  the 
measurement  points  of  two  optic  heads,  use  of  a  3  axis 
traverse  mechanism  to  move  the  measurement  points 
relative  to  one  another,  and  an  alignment  set-up  which 
enabled  direct  output  of  analogue  velocity  data.  Eddy 
capture  was  assessed  on-line  using  space-time  correlations 
performed  on  a  Bruel  &  Kjaer  (B&K)  frequency  analyser. 
The  technique,  •v^hich  allowed  data  on  individual  eddies  to 
be  taken  even  in  regions  of  highly  turbulent,  highly 
cyclical  flow  close  to  the  propeller  blades,  is  described  in 
detail  and  a  series  of  results  presented. 

1.  INTRODUCTION 

The  performance  of  any  given  propeller  is 
determined  by  the  attitude  of  the  blades  witlr  respect  to  tlie 
oncoming  airstream.  Consideration  of  mean  flow 
quantities  enables  the  determination  of  propeller 
performance  in  terms  of  thrust  produced  and  power 
absorbed  (Glauert,  1948).  However,  individual  eddy 
structures  not  represented  in  a  time-averaged  realisation  of 
tlie  flow  also  affect  performance  in  a  number  of  ways. 
Interaction  of  turbulence  with  the  blades  leads  to  localised 
variations  of  lift,  drag,  induced  velocity  and  contraction 
ratio  across  the  span,  with  repercussions  for  overall  thrust 
and  power  characteristics  as  well  as  noise  radiation 
(Goldstein,  1976).  These  effects  are  of  greatest 
importance  for  propellers  operating  under  high  tluust,  low 
advance  ratio  conditions,  where  the  axisymmetric 
contraction  produced  upstream  of  tlie  blades  is  most 
severe.  Such  conditions  occur  in  the  take-off  and  climb 
phases  of  flight,  during  which  large  scale  turbulent 


structures  occurring  naturally,  as  well  as  those  caused  by 
buildings,  landscape  features  and  other  aircraft,  are 
encountered  at  low  altitude. 

The  behaviour  of  individual  gusts  and  eddies 
under  the  influence  of  a  propeller  inflow  is  therefore  of 
some  importance,  but  investigation  of  the  processes 
involved  is  hampered  -by  difficulties  in  obtaining 
meaningful  data.  Single  point  measurements  using  hot¬ 
wire  or  LDA  techniques  can  provide  information  on  eddy 
size  and  structure  through  analysis  of  autocorrelations 
(ESDU,  1974),  but  are  inappropriate  for  regions  of  high 
Reynolds  stress  and  turbulence  intensity,  where  the 
turbulence  changes  appreciably  in  a  streamwise  distance 
equal  to  tire  size  of  the  largest  eddies  (Bradshaw,  1971). 
Such  conditions  are  a  feature  of  tlie  flow  under  discussion. 
Cross-correlation  of  velocity  signals  measured  at  two 
points  simultaneously  can  provide  tlie  data  required,  but 
hot-wire  methods  using  multiple  probes  are  again  of 
limited  value.  In  order  to  capture  any  given  eddy  at  two 
points,  the  second  probe  must  be  inserted  on  or  close  by 
the  streamline  passing  over  tlie  first.  The  result  is  a 
degraded  correlation  performance  due  to  the  interference 
caused  by  the  upstream  probe’s  wake. 

The  versatility  and  non-intrusive  nature  of  the 
LDA  meant  that  it  was  the  only  technique  capable  of 
providing  the  data  needed,  but  only  after  significant 
modifications  to  tlie  standard  operating  conflations 
used  at  Bristol  University.  The  experimental  requirements 
were  principally  for  the  simultaneous  measurement  of 
velocity  from  two  separate  points,  incorporating  the  ability 
to  move  one  point  relative  to  the  other  in  order  to  trace  the 
progress  of  eddies  throughout  the  area  of  interest.  The 
facility  for  changing  tlie  velocity  component  under 
consideration  was  also  necessary,  as  was  measuring  each 
component  directly  to  enable  instantaneous  analogue 
output  of  signals.  Cross-correlations  could  thus  be 
assessed  on-line,  ratlier  tlian  via  post-processing 
techniques. 

2.  EXPERIMENTAL  PROCEDURE 

2.1  Propeller  Rig  And  Measurement  Conditions 

The  test  facility  used  was  the  upper  working 
section  of  the  Aerospace  Engineering  department’s  largest 
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wind  tunnel  at  Bristol  University,  the  cross  section  of 
which  measures  2.13  m  x  1.52  m  (7  ft  x  5  ft).  Onset  flow 
speeds  of  up  to  V«o=60  m/s  are  possible,  with  the  level  of 
turbulence  approximately  4.5  %  across  the  sp)eed  range  of 
interest. 

The  propeller  rig  comprised  two  distinct  parts: 
the  section  located  within  the  wind  tunnel  was  restricted  to 
those  structural  components  necessary  to  hold  the 
propeller  in  place  and  transfer  drive  to  it.  The  bulkier 
components  including  the  motor  and  much  of  the  drive 
transfer  mechanism  were  housed  beneath  the  tunnel  to 
minimise  airflow  interference. 

The  propeller  itself  was  located  at  the  tunnel 
mid-section,  with  the  tip  of  the  nose-cone  designated  as 
the  origin  for  the  purposes  of  the  measurement  axes.  The 
co-ordinate  system  and  measurement  area  of  interest,  as 
well  as  the  propeller  and  rig  components  are  shown  in 
Figure  1.  The  measurement  plane  is  XZ  oriented,  where 
the  X  axis  is  aligned  with  the  onset  flow  direction,  and  the 
Z  axis  is  vertical.  In  terms  of  the  transverse  Y  direction, 
the  plane  is  level  with  tire  tip  of  the  propeller  nose-cone. 
Due  to  the  axisymmetric  nature  of  the  propeller  inflow 
contraction,  there  is  no  mean  flow  into  or  out  of  the 
measurement  plane  in  the  Y  direction.  To  reduce  any  flow 
impedance  effects  caused  by  the  propeller  supporting 
structure,  only  positive  Z  locations  were  used. 

Low  advance  ratio  (low  J)  ruiming  conditions 
were  used  to  produce  inflow  conditions  comparable  to 
actual  propellers  operating  at  low  altitudes.  Tlie  mean 
streamlines  illustrating  the  inflow  distortion  for  a  typical 
setting  are  shown  in  Figure  2. 

2.2  LDASetup 

Two  optic  heads,  each  equipped  witli  1600  mm 
focal  length  lenses,  were  installed  in  gimbal  mounts  and 
positioned  to  allow  access  to  tire  measurement  plane.  Tlie 
optic  head  emitting  a  pair  of  blue  beams  was  fixed  in 
position  with  its  gimbal  mount  attached  to  an  immovable 
fiamework.  The  second  optic  head,  emitting  a  pair  of 
green  beams,  was  set  on  a  fully  automated  3  axis  Dantec 
traverse  mechanism. 

Both  beam  pairs  were  aligned  separately, 
ensuring  the  Y  position  of  the  measurement  point  for  the 
fixed  optic  head  was  within  the  measurement  plane.  The 
transverse  position  of  the  measurement  point  for  the 
second  optic  head  was  less  critical  during  alignment,  as 
correct  in-plane  positioning  could  be  finalised 
subsequently  using  the  traverse  mechanism.  The 
alignments  were  performed  via  a  quantitative  teclmique 
based  on  the  use  of  a  pin-hole  light  meter  with  a  20  micron 
aperture,  developed  by  Rickards  et  al  (1993).  Each  optic 
head  was  set  to  operate  in  tlie  back-scatter  mode,  with  tlie 
gimbal  mounts  adjusted  for  no  sweep  or  dip  relative  to  the 
measurement  plane.  In  tliis  manner,  U  or  W  (X  or  Z 
sense)  velocities  could  be  measured  directly,  without  the 
need  for  post-processing  co-ordinate  system 
transformations.  To  swap  between  components,  the  optic 
heads  were  rotated  witliin  the  gimbal  mounts  by  90°. 


For  initial  tests  using  this  technique,  the  blue 
beam  (fixed  optic  head)  measurement  point  was  set  close 
to  the  upstream  limit  of  the  measurement  plane  (Figure  3). 
The  downstream  head  was  thus  able  to  traverse  throughout 
the  rest  of  the  plane  in  an  attempt  to  capture  eddies  swept 
along  mean  flow  streamlines  from  the  upstream  position. 
Subsequent  experiments  have  involved  repositioning  of 
the  fixed  head  at  various  points  throughout  the  propeller 
inflow. 

The  optic  heads  were  connected  by  fibre  optic 
cables  to  a  5  Watt  argon-ion  Spectra  Physics  laser  (Figure 
4).  Processing  was  performed  by  two  Enhanced  Burst 
Spectrum  Analysers  (BSAs)  which  featured  the  facility  for 
velocity  signal  analogue  output.  On-line  cross-correlation 
of  these  signals  was  performed  by  a  dual  chaimel  B&K 
frequency  analyser  which  also  supported  single-point 
autocorrelation  and  spectral  analysis  functions.  An 
instantaneous  assessment  of  eddy  capture  using  cross- 
correlation  of  the  analogue  outputs  was  important  due  to 
the  large  area  of  interest  and  the  severity  of  the  flow 
distortion:  post-processing  methods  would  have  entailed  a 
large  number  of  extra  (and  subsequently  redundant) 
measurements. 

3.  RESULTS  AND  DISCUSSION 

An  example  of  how'  the  technique  of  eddy 
capture  was  used  in  the  highly  oscillatory  flow  region 
close  to  the  propeller  blades  is  given  in  Figure  5.  In  this 
experiment,  tlie  separation  of  the  two  measurement  points 
is  over  600  mm  in  the  streamwase  direction.  An  80  mm 
difference  in  Z  positions  reflects  the  contraction  of  the 
flow.  The  simultaneous  turbulent  velocity  measurements 
from  the  two  positions  (5b  and  5c)  show  significant 
differences:  signal  1  is  varying  in  a  random  manner,  but 
signal  2  is  oscillating  at  the  blade  passing  frequency  due  to 
the  proximity  of  the  propeller. 

Figures  5d)  and  5e)  show  how  single-point 
autocorrelations  are  ineffectual  in  this  situation.  Although 
the  autocorrelation  time  span  for  signal  1  can  provide,  in 
this  case,  information  on  the  extent  of  the  W  component  of 
turbulent  eddies  in  the  flow  direction,  the  signal  2 
autocorrelation  prevents  any  meaningful  comparison  due 
to  the  dominance  of  the  blade  pass  effect.  Furthermore, 
even  if  information  on  eddy  size  and  structure  could  be 
obtained  from  Figure  5d),  any  conclusions  regarding  the 
development  of  the  eddies  from  the  upstream  position 
depend  on  assuming  that  tire  mean  flow  streamlines  do 
actually  pass  through  botlr  points.  Due  to  the  flow 
contraction  and  the  bunching  of  streamlines  as  the 
propeller  is  approached  (Figure  2),  accurate  positioning  of 
the  downstream  beam  focus  at  the  most  favourable  point 
for  catching  the  developing  eddies  becomes  virtually 
impossible  witliout  direct  feedback  on  the  similarity  of  the 
two  signals. 

Despite  tlie  cyclical  nature  of  tlie  flow  near  the 
blades,  the  turbulent  gusts  and  eddies  which  made  up 
velocity  signal  1  are  not  swamped  by  the  propeller  induced 
disturbance  as  they  are  ingested.  Indeed,  sufficient  traces 
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of  these  eddies  are  represented  in  the  downstream  signal 
to  produce  a  peak  in  the  cross-correlation  shown  in  Figure 
5f)-  This  plot  contains  useful  information  on  the 
development  of  individual  flow  structures  acted  on  by  the 
propeller  inflow  regime,  and  directly  relates  the  data  from 
one  point  to  another.  The  magnitude  of  the  correlation 
peak  is  an  indication  of  how  intact  an  eddy  has  survived 
the  journey  between  points  -  a  ‘frozen’  eddy,  a  concept  put 
forward  by  G.LTaylor,  would  register  a  peak  magnitude  of 
1.  The  tivnt'  span  of  the  peak  provides  size  and  structure 
information  which,  in  this  case,  is  in  the  direction  of  the 
mean  flow.  Furthermore,  the  transit  time  shows  exactly 
how  fast  the  eddies  travelled  between  stations  -  this  is  not 
necessarily  the  mean  flow  speed. 

The  blade  pass  effect  may  be  removed  from  the 
traces  in  Figures  5b)  and  5d)  by  the  use  of  filters  on  the 
Enhanced  BSA  analogue  outputs.  For  some  applications, 
the  frequency  of  the  disturbance  to  be  removed  may  be 
close  to  that  of  the  eddies  being  captured,  in  which  case  a 
filter  would  degrade  the  cross-correlation  signal.  Hence  it 
is  important  that  the  basic  method  is  robust  enough  to 
operate  in  the  affected  region  as  shown. 

The  technique  described  has  been  used  for  a 
wide  range  of  experiments  concerning  the  ingestion  of 
coherent  turbulent  structures  by  the  model  propeller 
(Harden,  1996).  Some  of  the  initial  results  made  with  tire 
LDA  in  the  configuration  described  are  presented  below. 

Figure  6  shows  two-component  eddy  capture 
along  a  propeller  inflow  streamline.  As  the  separation  of 
the  measurement  points  increases,  so  to  does  tlie  position 
of  peak  correlation.  In  terms  of  the  average  eddy  size  in 
the  mean  flow  direction,  the  U  component  correlation  time 
spans  can  be  seen  to  be  greater  than  the  W  component 
spans.  This  is  because  the  direction  of  the  U  component 
velocity  fluctuations  is  closely  aligned  to  the  mean  flow 
direction,  thus  increasing  the  effective  readings.  In  terms 
of  peak  magnitude,  the  decay  of  the  U  component  peaks  is 
more  marked,  probably  due  to  the  variation  in  blade  pass 
disturbance  between  components.  However,  botli  U  and 
W  component  eddies  can  still  be  traced  to  a  downstream 
position  behind  the  tip  of  the  nose-cone. 

Figure  7  shows  the  same  kind  of  results,  but  this 
time  the  positional  variation  of  the  downstream  optic  head 
is  in  the  Z  direction.  W  component  results  are  presented, 
and  again  the  eddy  time  spans  are  short  because  the 
individual  measurements  still  reflect  average  size  in  the 
mean  flow  direction.  This  experiment  was  repeated  at 
several  operational  settings  and  the  peak  magnitude 
variations  with  Z  position  are  shown  in  Figure  8. 
Propeller  advance  ratio  thus  appears  to  have  little  effect  on 
the  shape  of  the  distributions,  but  the  overall  plots  are 
shifted  down  as  advance  ratio  decreases.  This  corresponds 
to  an  increase  in  the  severity  of  the  inflow  contraction  with 
decreasing  advance  ratio  -  the  eddies  are  simply  following 
the  mean  flow.  Similar  plots  for  U  component  velocities 
yield  the  same  results,  but  the  distributions  are  narrower. 


Hence  the  average  eddy  size  in  the  vertical  direction  is 
greater  for  the  W  component  of  turbulent  velocity.  TWs 
expected  result  is  the  reverse  of  the  streamwise 
obWvations  from  Figure  6. 

4.  CONCLUSIONS 

Simultaneous  two-pxjint  velocity  measurements 
using  a  laser  Doppler  anemometer  may  be  used  to  reveal 
data  on  the  development  of  eddies  in  a  turbulent  flow.  By 
Rising  on-line  processing  of  analogue  signals,  large  surveys 
taVing  data  which  proves  mostly  redimdant  can  be 
avoided. 

Cross-correlations  of  velocity  from  the 
measurement  points  can  be  used  to  detail  the  progress  of 
eddies  ingested  by  a  model  propeller  operating  under  high 
tlirust  conditions.  Two  component  eddy  capture  is 
possible  throughout  the  propeller  inflow,  even  within  the 
higlily  oscillatory  flow  region  close  to  the  blades.  Data  on 
eddy  size,  strength  and  velocity  can  be  used  to  show  the 
impact  of  the  inflow  contraction  on  these  turbulent 
structures  at  a  range  of  operational  settings. 

5.  ACKNOWLEDGEMENTS 

This  work  was  supported  under  EPSRC  Grant 
GR/J  15407  in  co-operation  with  Dowty  Aerospace 
Propellers,  Gloucester,  England.  Thanks  goes  to  these 
establisliments. 

6.  REFERENCES 

Bradshaw,  P.  n  971 1  An  Introduction  to  Turbulence  and,  its 
Measurement.  Pergamon  Press. 

ESDU  74030  (1974)  Characteristics  of  Atmospheric 
Turbulence  Near  the  Ground. 

Glauert,  H.  (1948)  The  Elements  of  Aerofoil  and  Airscrew 
Theory.  Cambridge  University  Press. 

Goldstein,  M.E.  (1976)  Aeroacoustics.  McGraw-Hill,  pp. 
161-293. 

Harden,  J.M.,  Lowson,  M.V.,  (July,  1996)  Unsteady 
Propeller  Flows  Due  To  Turbulence  Ingestion.  R.  Aero. 
Soc.  Unsteady  Aerodynamics  Conference,  London. 

Rickards,  J.,  Sw'ales,  C.,  Brake,  C.J.,  Barratt,  R.V.  (1993) 
An  Improved  Alignment  Technique  Enabling  Cross- 
counled  Operation  of  a  I..aser  Doppler  Anemometer  for 
Small  Scale  Flow  Surveys.  5th  Int.  LDA  Conference, 
Veldhoven,  Tlie  Netlierlands. 

Taylor,  G.l.  (1935)  Statistical  Theory  of  Turbulence.  Proc. 
Roy.  Soc.  A.,  vol  156. 


14.2.3. 


Figure  1  Propeller  Rig  And  Measurement  Plane 
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Figure  2  Propeller  Mean  Inflow  Streamlines 
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Figure  3  LDA  Set  Up 
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Figure  6  Two  Component  Eddy  Capture  In  The  Propeller  Inflow. 
LDA  Measurements  at  J=0.23  (\4)=8m/s;  3330  rpm) 
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ABSTRACT 

Measurements  of  blade  vortex  interactions  at  a  helicopter 
rotor  model  were  performed  by  three  component  laser  Doppler 
velocimetry  (3D-LDV)  and  conventional  (two  component) 
particle  image  velocimetry  (PIV).  The  results  are  in  good 
correspondence  in  general,  but  also  illustrate  the  different 
properties  of  both  techniques. 

1  INTRODUCTION 

With  increasing  use  of  civil  helicopters  the  problem  of  noise 
emission  of  helicopters  has  become  increasingly  important 
within  the  last  decades.  Helicopter  noise  has  been  subject  of 
many  research  projects  (Lowson  1991).  Blade  vortex 
interactions  (BVI)  have  been  identified  as  a  major  source  of 
impulsive  noise.  As  BVI-noise  is  governed  by  the  induced 
velocities  of  tip  vortices,  it  depends  on  vortex  strength  and 
miss-distance,  which  itself  depends  on  vortex  location, 
orientation,  and  convection  speed  relative  to  the  path  of  the 
advandng  blade.  Blade  vortex  interaction  can  occur  at  different 
locations  inside  the  rotor  plane  dependmg  on  flight  velocity  and 
orientation  of  the  blade  tip  path  plane.  It  has  to  be  distinguished 
between  parallel  blade  vortex  interaction  (angle  between 
leading  edge  and  vortex  axis  is  =  0°)  and  orthogonal  blade 
vortex  interaction  (angle  between  leading  edge  and  vortex  axis 
is  =  90°).  The  noise  emission  of  parallel  blade  vortex 
interaction  is  considerably  larger  (Cardonne  et  al.  1988, 
SplettstoBer  et  al.  1990).  Investigations  of  the  accoustic  near 
and  farfield  (Ehrenfried  et  al.  1991,  Burley  et  al.  1991)  were 
based  on  the  interaction  of  the  blade  with  vortices,  which  were 
described  by  mathematical  models.  Information  about  the 
structure  and  strength  of  the  real  rotor  tip  vortices  and  their 
interaction  with  the  blade  were  not  available  for  a  long  period. 
It  is  imderstood,  that  the  study  of  these  phenomena  is  of 
particular  interest  for  progress  towards  quieter  helicopters.  Li 
our  investigations  the  vortical  structures  at  a  helicopter  rotor 
model  in  a  wind  turmel  has  been  studied  by  optical 
measurement  techniques,  since  only  non-intrusive  techniques 
are  capable  to  obtain  velocity  data  within  the  rotor  plane. 
Measurements  of  local  flow  vectors  at  positions  close  to  the 
rotor  blade  tips  were  performed  by  three  component  laser 
Doppler  velocimetry  (3D-LDV)  and  conventional  (two 
component)  particle  image  velocimetry  (PIV).  Since  a 
comparison  of  LDV  and  PIV  data  acquired  in  a  wind  tunnel 
from  the  same  rotor  model  have  been  performed  for  the  first 
time,  a  blade  position  has  been  chosen  where  vortex  positions 
and  their  orthogonal  interactions  with  the  blade  are  well  known 
and  are  easily  reproducible  (see  Fig.  1,  case  A).  Additionally, 


the  parallel  interaction  of  a  blade  with  vortices  further 
downstream  have  been  investigated  by  PIV  (see  Fig.  1,  case  B). 

2  ROTOR  AND  TEST  MATRIX 

.  The  LDV  and  PIV  measurements  have  been  performed  at 
the  same  helicopter  rotor  model  of  the  Department  of  Aerospace 
Engineering  (ILR)  of  RWTH  Aachen,  developed  and 
instestigated  in  detail  by  Beesten  (1994).  The  rotor  model,  had 
a  radius  of  0.5  m  and  four  NACA  0015  blades  (chord  length  = 
54  nun)  with  rectangular  tips.  It  was  driven  by  a  toothed  belt 
and  an  electric  65  kW  engine.  The  rotor  model  was  fully 
articulated  and  had  flapping  hinges.  The  rotor  was  installed  in 
the  open  test  section  of  the  ILR  Aachen  low-speed  wind  tunnel. 

For  the  investigation  of  orthogonal  blade  vortex  interaction 
LDV  and  PIV  measurements  have  been  taken  at  an  azimuth 
angle  of  V  =  90°  (advancing  blade  side)  in  a  plane  directly 
behind  the  blade  (see  Fig.  1,  case  A).  The  free  stream  velocity 
was  set  to  U  =  15.7  m/s  and  the  rotor  speed  to  f  =  25  rev/s 
resulting  in  an  advance  ratio  of  ji  =  0.2,  The  tip  path  plane  was 
tilted  by  an  angle  of  aipp  =  -3°  against  the  mean  flow  (forward 
flight),  the  collective  part  of  the  angle  of  attack  was  Dcou  =  10°, 
and  the  cyclic  pitch  was  =  ±3.5°  resulting  in  trimmed 
condition.  The  Reynolds  number,  based  on  the  main  chord 
length  and  blade  tip  velocity,  was  Re  =  278.000. 


Figure  1:  Sketch  of  the  pathes  of  the  tip  vortices  at  an 
advance  ratio  of  \i  =  0.2,  viewing  direction  parallel  to 
the  rotor  axis,  according  to  Beesten  (1994)  -  not  to  scale. 
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For  the  investigation  of  parallel  blade  vortex  interaction 
PrV  measurements  were  obtained  at  an  azimuthal  aiigle  of 
V  =  60®  (advancing  blade  side)  in  a  plane  ortliogonal  to  the 
reference  blade  at  =  60%  chord  (see  Fig.  1,  case  B).  In  this 
case,  descent  flight  conditions  was  chosen,  for  which  a  high 
impulse  noise  has  been  observed  during  earlier  accoustic 
measurements  (Beesten  1994).  The  free  stream  velocity  was  set 
to  U  =  31.4  m/s  and  the  rotor  speed  to  f  =  50  rev/s  again 
resulting  in  an  advance  ratio  of  (i  =  0.2.  The  tip  path  plane  was 
tilted  by  an  angle  of  aipp  =  +4®  against  the  mean  flow  (descent 
flight)  and  the  collective  part  of  the  angle  of  attack  was  set  to 
■Ucou  =  11®  in  order  to  generate  veiy  strong  tip  vortices.  The 
cyclic  pitch  was  Ucyd  =  +3.5®  again  resulting  in  a  trimmed 
condition.  The  Reynolds  number  was  Re  =  340.000. 


3  3D-LDV  SET-UP 

A  new  implementation  of  the  3D-LDV  at  the  DLR  Institute 
for  Fluid  Mechanics  brought  major  improvements  concerning 
sensitivity,  data  rate  and  third  component  resolution  (Seelhorst 
et  al.  1993).  As  can  be  seen  in  Figure  2,  the  system  was 
operated  in  a  back  scatter,  off-axis  mode.  A  6  Watt  argon-ion 
laser  was  used  as  light  source.  The  three  most  intensive  laser 
lines  (476.5  nm,  488  nm,  514.5  nm)  were  utilized  to  distinguish 
the  different  velocity  components.  Each  of  the  laser  beams  was 
divided  into  two  individual  beams  with  similar  intensity,  one 
superimposed  with  a  Bragg  shift  of  40  Mhz  for  ambiguity 
removal.  The  beams  were  coupled  into  single  mode  glass  fibres 
and  were  launched  into  the  probe  volume  with  individual 
transmitting  optics.  For  good  resolution  of  the  third  velocity 
component  the  angle  between  the  optical  axis  was  about  30®. 
The  effective  size  of  the  probe  volume  was  approximately  0.25 
mm  in  diameter  and  1  mm  in  length.  The  tracer  particles  used 
were  the  same  for  LDV  and  PIV  measurements:  they  consisted 
of  disfiersed  oil,  with  an  average  diameter  of  less  than  1  |Jm. 
The  receiving  optics  of  the  system,  operating  in  back-scatter 
mode,  had  an  aperture  of  500  mm  in  order  to  gather  enough 
light  for  a  sufficient  data  rate.  The  received  light,  containing 
information  of  all  three  velocity  components,  was  coupled  into  a 
multi-mode  glass  fibre,  which  transmits  the  light  to  a  prism 
system,  where  it  was  divided  into  single  wavelengths  and  then 
converted  into  an  electrical  signal  by  photo-multipliers. 


After  digitization  of  the  signals  a  fast  Fourier  analysis  led  to 
the  Doppler  frequency.  When  the  signals  of  the  three 


components  coincided  the  velocity  data  was  stored  together 
with  the  actual  time  and  measuring  position. 

Based  on  the  assumption  of  a  periodic  flow  field  with 
respect  to  the  rotor  revolution,  conditional  sampling  was  used  to 
get  time  dependent  information  of  the  flow  field.  A  trigger 
signal  from  the  rotor  axis  was  shifted  with  a  time  delay  to  any 
chosen  azimuthal  position  of  the  rotor  blade  with  an  accuracy 
0.3%.  At  this  position  the  clock  of  the  data  acquisition  system 
was  set  to  zero.  Data  acquisition  was  then  started  for  a  time 
window,  corresponding  to  a  preselected  azimuthal  window  or  a 
time  needed  for  the  flow  structure  to  pass  through  the  probe 
volume.  Usually  data  was  acquired  just  within  a  small 
azimuthal  window. 

Converting  time  information  into  spatial  information  can  be 
done  in  different  ways.  Here,  the  transformation  of  the  time 
infonnation  into  an  azimuthal  angle  was  done  by  the  following 
equation; 

T*  =  To  +  27t  •  /  •  t .  where/is  the  rotor  speed. 

The  transformation  of  the  time  information  into  a  spatial 
infonnation  of  the  flow  structure  as  for  example  its  length  /  was 
done  by  analysing  the  convection  speed  of  the  flow  structure: 

^  “  ^conv  '  f  • 

Using  the  conditional  sampling  mode  to  acquire  time 
resolved  velocity  data,  which  is  later  converted  into  spatial 
velocity  data,  leads  to  an  maccuracy  due  to  the  fact  that  flow 
structures  may  change  during  the  measuring  time.  This  has  to 
be  balanced  against  the  significant  reduction  of  measuring  time. 

A  'position  monitoring  system'  gave  access  to  blade  motion 
parameters  (lead-lag  motion,  pitching  motion  and  angle  of 
incidence)  at  a  preselected  radial  position  of  the  blade. 

vone.'c  2 


Figure  3:  Measurement  grid  and  expected  position  of  vortices. 
4  LDV  RESULTS 

As  shown  in  Figure  1,  LDV  measurements  were  obtained 
behind  the  advancing  blade  at  an  azimuthal  angle  of  y  =  90® 
(0.2  chord  length  behind  the  blade  tip,  rotor  blade  normal  to 
mean  flow).  The  measurement  grid  is  shown  in  Figure  3 
together  with  the  locations  of  the  tip  vortices  as  expected  after 
analysis  of  flow  visualization  data  as  obtained  by  Muller  and 
Staufenbiel  (1987).  The  origin  of  the  coordinates  was  set  to  the 
point  of  intersection  of  the  tip  path  of  the  reference  blade 
(without  aerodynarmc  load)  and  the  observation  area.  The 
displacement  of  the  tip  path  under  load  condition  as  measured 
by  the  position  monitoring  system  was  Y  =  10  mm. 
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Figure  4:  Velocity  vector  plot  (2D )  os  measured  by  LDV  and 
the  vorticity  contours  obtained  from  3D-data. 
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Figure  6:  Main  components  of  the  PIV  set-up  for  investigating 
the  rotor-vortex  interaction. 


First,  vector  plots  were  computed  from  velocity  data  to  give 
a  general  impression  of  the  flow  velocity  field.  Figure  4  clearly 
shows  the  vortex  locations  inside  the  measurement  grid.  At  this 
azimuthal  position  a  vortex  could  be  observed,  which  has  just 
been  generated  (age  =  0  ms,  position  corrected  by  the  tip 
displacement  X  =  5  mm,  Y  =  2.5  mm).  The  vortex  generated  by 
the  90®  advancing  blade  (age  =  10  ms,  position  corrected  by  the 
tip  displacement  X=  40  mm,  Y  =  5  mm)  was  located  closer  to 
the  reference  blade  than  expected  (see  also  Fig.  3).  The  location 
of  the  vortex  generated  by  the  advancing  blade  results  in  an 
interaction  with  the  reference  blade,  which  generates  a  vortex 
of  opposite  sign.  Since  there  was  only  little  time  between  the 
generation  of  the  tip  vortices  and  their  measurement  (max.  10 
ms)  the  cycle-to-cycle  variations  can  be  expected  to  be  small 
compared  to  the  measurement  grid. 

hi  Figure  5  the  tangential  velocity  profile  of  a  tip  vortex  is 
shown  dong  a  line  through  the  vortex  center.  For  the 
measurement  of  the  profile,  the  resolution  was  increased 
considerably.  From  theis  data  the  vortex  core  radius  has  been 
estimated  to  8.9%  of  the  blade  chord  with  a  maximum 
tangential  velocity  of  16  m/s. 

5  PIV  RECORDING  SYSTEM 

During  the  last  decade  PIV  has  increasingly  been  used  to 
measure  instantaneous  flow  velocity  fields.  This  technique,  in 
contrast  to  LDV,  requires  no  conditional  sampling.  PIV  allows 
to  capture  the  flow  velocity  in  a  two-dimensional  plane  of  the 
flow  within  a  few  microseconds.  It  therefore  enables  to  obtdn 
data  of  the  entire  velocity  field  even  in  case  of  large  cycle-to- 
cycle  variations.  The  fact,  that  the  recording  time,  necessary  for 
the  application  of  PIV  (=  12  ps),  is  small  compared  to  the  time 
requfred  for  one  revolution  cycle  (=  40.000  ps)  makes  PIV  an 
ideal  tool  for  the  investigation  of  flow  fields  in  rotor 
aerodynamics. 

During  the  last  years  a  PIV  system  has  been  developed  at 
DLR  which  can  be  operated  imder  tough  enviromnental 
conditions  in  wind  tunnels  (Kompenhans  et  al.  1994).  This 
system  utilizes  a  two-oscillator  NdtYAG  pulse  laser  system 
with  a  pulse  ener^  of  2  x  70  mJ  for  illumination  of  an  area  of 
up  to  20  X  30  cm^  of  the  flow  field.  The  recordings  are  taken 
with  a  35  nun  photographic  camera  and  are  analyzed  a  fully 
digital'  evaluation  system  (Willett  1995).  The  tracer  particles 
used  were  the  same  as  for  LDV.  The  main  components  of  the 
set-up  are  shown  in  Figure  6  in  the  configuration  used  to 
observe  orthogonal  blade  vortex  interaction. 

Due  to  the  synchronization  scheme  shown  in  Figtrre  7  the 
recording  of  the  PIV  images  could  be  performed  phase  locked 
with  the  motion  of  the  helicopter  rotor  model.  Therefore  cycle- 
to-cycle  variations  of  the  flow  field  could  be  investigated  by 
analysing  up  to  100  recordings  (more  than  2000  independent 
velocity  vectors  each)  taken  at  the  same  azimuthal  angle  of  the 
reference  blade.  However,  only  the  two  in-plane  components  of 
the  velocity  vectors  could  be  measured  by  means  of  the 
photographic  PIV  system.  Examples  of  digital  2D-PIV 
measurements  performed  during  the  same  measuring  campaign 
are  presented  by  Willert  et  al.  (1996). 
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Figure  7:  Synchronization  scheme  of  PIV  data  acquisition. 


6  PIV  RESULTS 

PIV  measurements  of  orthogonal  blade  vortex  interaction 
(case  A)  were  taken  at  an  azimuthal  angle  of  \)/  =  90°  on  the 
advancing  blade  side.  The  observation  area  was  nearly  parallel 
to  the  trailing  edge  of  the  blade  and  orthogonal  to  the  axis  of  the 
vortices.  Figures  8a, b  show  two  different  instantaneous  velocity 
vector  fields  from  a  set  of  100  PIV  recordings  obtained  at  this 
angle.  The  origin  was  fixed  to  the  tip  of  the  trailing  edge  of  the 
blade  as  it  passed  through  the  image  plane  with  full 
aerodynamic  load.  Figure  8c  is  the  velocity  field  obtained  ly 
averaging  all  100  PIV  data  sets,  and  below  (Fig.  8d)  an  estimate 
for  the  mean  out-of-plane  vorticity  component  is  given.  The  tip 
vortex  (A),  which  has  just  been  generated  (age  =  0  ms),  was 
located  at  Y  =  7.5  mm,  Y  =  2.5  mm.  A  tip  vortex  (B)  previously 
generated  by  the  90°  advancing  blade  (age  =  10  ms),  is  now 
located  at  X  =  22  nun,  Y  =  25  mm.  The  cycle-to-cycle 
variations  of  these  two  vortices  were  small  enough  such  that 
they  are  properly  resolved  in  the  average  velocity  field.  Close 
insp>ection  of  Figures  8a  and  8b  does  however  show  some 
variations  in  the  shape  of  the  vortices.  Also,  a  third  vortex 
structure  (C),  generated  by  the  180°  advancing  blade,  can  be 
observed.  As  this  vortex  intersects  the  rotor  plane  at  the  same 
time  the  blade  intersects  the  image  plane,  it  is  sliced  by  the 
blade  (i.e.  orthogonal  BVI)  such  that  only  its  remnants  can  be 
observed  in  the  velocity  field  of  Figure  8.  Due  to  small  cycle-to- 
cycle  variations  this  third  vortex  is  sliced  differently  each  time 
which  results  in  the  structure  to  be  essentially  lost  in  the 
averaged  velocity  field  (Figure  8c).  In  Figure  9  the  tangential 
velocity  profile  of  a  tip  vortex  (age  =  0  ms)  from  a  single  PIV 
velocity  data  set  has  been  plotted  along  a  line  through  the 


Figure  8;  Two  examples  (a,b)  of  100  instantaneous  velocity 
vector  fields  as  obtained  by  PIV  or  =  90°.  Below  (c)  the 
averaged  velocity  field  and  (d)  the  corresponding  vorticity 
estimate,  (O,,,  is  shown.  (Contour  levels  spaced  at  lOOOls, 
dashed  contours  indicate  negative  values).  Only  subregions  of 
the  210  mm  by  150  mm  fields  are  shown  for  clarity. 
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vortex  center.  From  these  data  the  velocity  core  radius  has  been 
estimated  to  be  7.4%  of  the  blade  chord,  compared  to  8.9%  by 
the  LDV  method.  The  maximum  tangential  velocities  (+24  m/s) 
are  33%  higher  than  those  obtained  by  LDV.  The  discrepancy 
may  be  due  to  the  averaging  nature  of  the  LDV  method. 

Measurements  of  parallel  blade  vortex  interaction  (case  B) 
were  taken  at  an  azimuthal  angle  of  \|/  =  60*  (advancing  blade 
side).  The  observation  area  was  oriented  orthogonal  to  the 
leading  edge  of  the  blade,  orthogonal  to  the  vortices  axis  and 
located  at  60%  of  span  (e.g.  inside  the  rotor  plane). 
Instantaneous  velocity  fields,  the  average  of  35  velocity  fields 
and  the  estimated  mean  out-of-plane  vorticity  component  are 
plotted  in  Figures  10  and  11.  The  contour  of  the  blade  could  be 
easily  determined  in  the  recordings  and  is  labelled  with  (A). 
Vortex  strength,  convection  speed,  and  the  miss-distance 
between  blade  and  vortex  can  easily  be  determined  by  analysing 
the  PrV  data.  Significant  cycle-to-cycle  variations  can  be 
observed  for  the  vortices,  labelled  (B),  (C),  and  (D),  which 
were  generated  270°,  360°,  450°  earlier,  respectively.  For 
instance  vortex  (D)  is  nearly  invisible  in  the  averaged  velocity 
field  of  Figure  10c,  as  as  it  interacted  most  with  the  blade  (A) 
as  it  passed  through  the  observation  field. 


7  DISCUSSION 

The  LDV  measurements  yielded  fundamental  results 
concerning  the  structure  of  the  blade  tip  vortex.  In  addition  to 
geometric  parameters  like  location  of  the  vortex  relative  to  the 
rotor  plane  and  orientation  of  the  vortex  axis  in  space,  the 
vortex  core  size,  axial  velocity,  vortex  strength,  and  vorticity 
distribution  had  been  derived  from  3D-LDV  data.  Although 
blade  motion  and  local  velocity  had  been  measured 
simultaneously,  phase  averaging  and  the  rearrangement  of 
velocity  data,  which  could  only  be  measured  pointwise,  to  a 
complete  velocity  field  causes  significant  problems.  Aperiodic 
flow  phenomena,  even  of  small  amplitudes,  can  result  in  a 
spatial  averaging  and  therefore  reduce  spatial  resolution. 
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Figure  9:  Tangential  velocitiy  along  a  line  through  the  vortex 
center  as  obtained  by  a  single  PIV  recording. 

However,  recent  LDV  measurements  in  large  aerodynamic 
facilities  show  that  3D-LDV  data  of  high  quality  can  be 
obtained  with  good  spatial  resolution  (SplettstoBer  et  al.  1995). 

In  spite  of  the  difficult  experimental  conditions  high  quality 
PIV  data  were  obtained  with  sufficient  spatial  resolution.  The 
time  needed  for  data  acquisition  can  be  considerably  decreased 


compared  to  LDV  measurements.  A  specially  developed 
synchronization  scheme  allowed  the  comparison  of 
momentaneous  flow  field  measurements  at  exactly  the  same 
phase  angle  of  the  rotor  revolution  and  therefore  the  study  d 
aperiodic  features  of  the  flow.  Also  with  PIV  the  location  of  the 
vortex  relative  to  the  rotor  plane,  vortex  core  radius,  convection 
speed,  vortex  strength  and  vorticity  could  be  measured. 
However  since  conventional  PIV  measures  rally  two  velocity 
components,  data,  like  the  orientation  of  the  vortex  axis  in 
space  and  axial  velocity  of  a  vortex,  cannot  be  derived  without 
changing  viewing  direction.  Using  a  second  camera  in 
stereoscopic  view  would  allow  to  measure  all  three  velocity 
components  without  averaging  data  of  different  cycles. 


Figure  10:  Instantaneous  velocity  vector  field  (a)  as  obtained 
by  PIV  at  \|/  =  60°.  Below  (b)  the  averaged  velocity  field  of  such 
35  fields  and  (c)  the  corresponding  vorticity  estimate,  tOz,,  is 
shown.  (Contour  levels  spaced  at  500/s,  dashed  contours 
indicate  negative  values). 
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Figure  11:  Same  as  Fig.  10  but  at  an  azimuth  angle  =  55*. 
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ABSTRACT 

At  present  most  naval  vessels  above 
approximately  4000  tons  have  a  helicopter  landing  deck  to 
tlie  rear  of  tlie  ship.  However,  tlie  box-like  superstructure 
associated  witli  tliese  ships  is  known  to  generate  flows  of  a 
highly  turbulent  and  tliree  dimensional  nature  which 
strongly  interfere  uitli  tlie  landing  and  take-off  stages  of 
tlie  helicopter’s  sortie.  Tlie  operating  envelope  of  the 
helicopter  therefore  becomes  limited  and  in  extreme 
conditions  tlie  blades  may  impact  on  tlie  helicopter 
fuselage.  To  date  tliis  operating  envelope,  and  any 
understanding  of  tlie  fluid  mechani.snis  involved,  has 
mainly  been  established  at  sea  -  a  costly  and  hazardous 
solution.  Tliis  paper  describes  how  the  unique  combination 
of  a  3  component  LDA  and  an  atmospheric  wind  tunnel 
should  lead  to  a  cheaper  and  safer  method  of  establishing 
the  fliglit  envelope  and  to  recommendations  for 
improvements  to  the  superstructure  design. 


1.  INTRODUCTION 

1.1  Ship/Helicopter  Literface  Aerodjiiamics 

In  recent  times  tlie  majority  of  naval  ships  above 
a  few  thousand  tons  have  included  provision  for  a 
helicopter.  They  have  become  an  integral  part  of  shipboard 
operations,  with  recoraiaissance  and  logistic  support  being 
two  of  tlie  primary  roles  that  tlie  helicopter  is  required  to 
fulfil.  For  tliese  ships  tlie  landing  area  for  the  helicopter 
has  traditionally  been  at  the  rear  (aft)  of  tlie  ship,  witli  a 
hangar  included  slightly  fonwd  of  the  flight  deck. 
How'ever,  tliis  has  proved  to  be  a  hostile  area  for  the 
helicopter  and  pilot  alike  and  tliere  is  therefore 
considerable  new  interest  in  tlie  subject  of  ship 
aerodvnamics.  Described  in  this  paper  is  one  approach  - 
use  of  a  tliree  component  laser  Doppler  anemometer 
(LDA)  to  acquire  velocity  measurements  above  the  flight 
deck  of  a  1:200  scale  model  ship  witliin  an  atmospheric 
wand  tumiel. 


Classically,  tlie  aerod>'namics  of  ships  has 
received  only  scant  attention  as  tlie  hydrodjuamic  issues 
have  been  assumed  to  dominate.  The  result  of  tliis  is 
detailed  consideration  of  the  hull  design,  but  little 
attention  to  tlie  superstructure.  The  latter,  therefore, 
conventionally  comprises  an  array  of  sharp>-edged  box-like 
structures,  the  design  of  which  is  influenced  by  practical 
ratlier  tlian  aerodynamic  considerations.  Unfortunately, 
strong,  highly  turbulent,  and  higlily  tliree-dimensional 
flows  can  be  generated  by  tliese  essentially  sharp  edged 
bluff  bodies  (Healey  and  Rlioades  (1992)).  This  t>'pe  of 
flow  might  have  a  limited  influence  on  tlie  performance  of 
the  ship,  but  its  effect  on  a  helicopter  attempting  to  land  or 
take-off  can  be  substantial.  Often  retro-fitted,  it  is  infact 
tlie  helicopter  hangar  which  can  create  tlie  strongest  flow 
disturbance. 

Tlie  steady  (low'  frequency)  and  unsteady  (higli 
frequency)  flow  effects  are  botli  important  but  in  different 
ways.  Tlie  steady  flow'  effects,  substantial  but  predictable, 
are  caused  by  tlie  structure  of  tlie  ship.  For  example,  for  an 
ahead  w'ind  (zero  yaw)  tlie  helicopter  hangar  creates  a 
down-draught  aft  which,  on  landing,  requires  tlie  pilot  to 
increase  power  to  maintain  a  constant  rate  of  descent.  In 
extreme  cases  the  downw'ash  may  be  such  that  tliere  is 
insufficient  power  to  safely  control  tlie  descent. 

Tlie  unsteady  (higli  frequency)  effects  are 
generated  by  the  freestream  flow  and  shedding  from  the 
ship  structure.  Tliese  effects  cause  short  term  disturbances 
to  the  aircraft  and  tend  to  be  sudden  and  unpredictable, 
increasing  pilot  workload,  hi  some  cases  strong  and 
sudden  vortical  gusts  lead  to  blade  strikes  where  tlie 
rotating  blades  impact  on  tlie  helicopter  fuselage.  These 
occur  during  rotor  engagement  and  disengagement,  when 
tlie  rotor  becomes  much  more  susceptible  to  onset 
velocities  and  the  blade  loads  become  more  imbalanced,  hi 
the  most  extreme  cases  this  has  led  to  tlie  complete  loss  of 
a  helicopter. 

Tlie  complex  flow  generated  by  tlie  ship 
superstructure  and  by  the  high  level  of  turbulence 
inevitably  leads  to  a  severely  limited  operating  envelope 
for  a  particular  helicopter/ship  combination  and  poor 
operating  conditions  for  the  pilot  even  wiOiin  tliis 
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envelope.  If  the  helicopter  is  to  operate  from  tlie  fliglU 
deck  the  ship  may  have  no  option  but  to  alter  course 
and/or  speed  to  produce  suitable  fliglit  conditions.  This, 
increasingly,  is  an  unacceptable  compromise. 

There  is  therefore  a  requirement  to  improve  the 
ship/lielicopter  operating  envelope  by  reducing  the 
influence  of,  and  increasing  resistance  to,  tlie  onset  flow. 
However,  this  has  to  be  achieved  without  any  significant 
inaease  in  the  cost  of  eitlier  tlie  helicopter  or  tlie  ship. 
Finally  this  has  to  be  for  any  ship/helicopter  combination, 
relative  wind  speed  and  direction,  visibility  and  sea  state. 

A  parallel  issue  is  tliat  of  defining  tlie  operating 
envelope  for  a  particular  ship/lielicopter  configuration. 
Historically  this  has  been  achieved  by  testing  at  sea,  a 
teclmique  referred  to  as  dynamic  interface  testing.  It  is 
however  a  laborious  and  expensive  method  and  subject  to 
tlie  “co-operation”  of  tlie  natural  elements.  For  economic 
reasons  a  particular  dynamic  interface  test  may  have  to  be 
curtailed  -  a  more  limited  operating  envelope  than  may 
actually  be  required  may  then  ensue. 

1 .2  Wind  Tuimel  Testing 

To  circumvent  the  vagaries  of  nature  Healey 
(1992)  was  one  of  the  first  to  test  a  model  ship  witliin  a 
wind  tuimel  configured  to  simulate  tlie  atmospheric 
boundary  layer.  Healey  states  tliat  tlie  complex  shapes  and 
separation  of  airflow  around  many  comers  made  it  ver>' 
difficult  to  apply  tlie  principles  of  CFD  and  generate 
realistic  computer  models,  hi  addition  Healey  reports  that 
tlie  recirculating  zones  give  rise  to  "luisteady  flows  witli 
extreme  velocity  gradients  and  turbulence  intensity  levels 
tliat  are  too  high  to  be  nieasiued  with  hot-wire 
anemometers".  Tlie  use  of  a  laser  Doppler  anemometer  to 
overcome  tlie  limitations  of  tlie  hot-wire  is  clearly 
expres.sed. 

The  problem  of  tlie  turbulence  intensities  being 
too  higli  for  hot-wire  measurement  is  clearly  addressed  by 
tlie  LDA.  However,  tlie  high  .spatial  resolution  required  for 
measurements  within  regions  of  steep  velocitv'  gradient 
caimot  be  assmiied  for  long  tlirow  optics.  However,  if  tlie 
liglit  is  collected  off-axis  tlien  the  length  of  the  effective 
measurement  volume  is  much  reduced. 

Unlike  tlie  hot-wire,  wiien  a  3D  system  is 
employed  tliree  components  of  velocity  (mean  and 
turbulence)  are  measured  simultaneously  both  temporally 
and  spatially.  Again  tliis  is  imperative  wiiere  such 
complex,  small  scale,  tliree-dimeiisional  flow's  are 
believed  to  exist. 

Finally,  it  is  the  non-intnisive  nature  of  Uie  LDA 
which,  for  this  study,  is  its  greatest,  as.set.  hi  regions  of 
strongly  recirculating  flow'  whichever  w'ay  the  hot-v\ire 
probe  is  aligned  data  mu.st  be  acquired  from  witliin  the 
w'ake  of  tlie  probe.  Coinjiarative  tests  with  the  LDA 
showed  tlie  hot-wire,  due  to  its  inability  to  discriminate 
direction  as  w'ell  as  magnitude,  to  be  ineftectual  in 
regions  of  reversed  flow'.  Flow'  tests  where  the  hot-wire 
w'as  nioiuited  vertically  within  a  dowinvard  flow'  tlie 
results  w'ere  again  erroneous. 


Tliis  study  was  tlierefore  configured  to  show  how 
the  unique  combination  of  a  3  component  LDA  and  an 
enviroimiental  wind  tunnel  could  be  employed  for  the 
study  of  ship  aerodynamics  with  particular  emphasis  on 
the  region  above  the  helicopter  landing  deck. 


2.  EXPERIMENTAL  CONHOURATION 
2.1  Atmospheric  Boundary  Layer  Simulation 

Tlie  department’s  hidustrial  Aerodynamics 
closed-circuit  wind  tumiel  has  over  a  number  of  years 
established  itself  as  an  important  facility  for  studying 
building  aerodynamics.  Tlie  working  section  of  tlie  wind 
tunnel  measures  Ini  by  2ni,  with  a  maximum  speed  of 
15ni/s.  Upstream  of  tlie  w'orking  section  a  mixing  grid,  a 
step,  and  a  range  of  distributed  surface  rouglmess 
elements  can  be  arranged  which  enable  wind  simulation 
over  difierent  terrains.  For  tliis  investigation  it  was 
necessary  to  model  strong  winds  blowing  over  rougli  seas, 
at  a  linear  scale  of  1 :200. 

hi  the  field  of  building  aerodj'iiamics  it  has  been 
established  that  w'hen  imdertaking  wind  tunnel  testing 
tliree  features  associated  with  high  speed  atmospheric 
winds  need  to  be  simulated  properly.  Tliese  features  are 
tlie  shear  of  tlie  velocity  profile  (i.e.  the  variation  of  wind 
speed  with  height  above  tlie  ground),  tlie  level  of 
turbulence,  and  tlie  sizes  (or  scales)  of  tlie  turbulent 
fluctuations.  If  tliese  are  ignored,  as  for  example  by  White 
and  Chaddock  (1967)  who  carried  out  tests  in  a  wind 
tunnel  with  uiiifonn  velocity  and  very  low'  turbulence 
intensities,  tlie  flow  generated  by  tlie  model  is 
unrepresentative  of  the  real  enviromnent. 

Tlie  mean  velocity  profile  and  turbulence 
produced  by  tlie  wind  tumiel  simulation  are  shown  in  Fig. 
1.  Tlie  results  were  obtained  from  measurements  taken 
iLsing  a  single  hot  wire  anemometer.  A  comparison  was 
made  witli  the  results  from  ESDU  data  sheets  (see 
references).  For  these  tests  tlie  full-scale  wind  speed  was 
chosen  to  be  approximately  SOkts,  tlie  maximum 
windspeed  under  which  helicopter-ship  operations  can 
occur.  Tlie  surface  rouglmess  parameter,  Zo,  is  set  to 
0.0084  w'hich  corresponds  to  a  rough  sea  region.  It  can  be 
seen  that  tliere  is  good  agreement  between  tlie  wind  tmmel 
velocity  measurements  and  the  ESDU  data.  Without  the 
boundaiy  layer  simulation  the  relative  velocities  would  be 
higher  tlian  for  the  tnie  conditions.  In  addition  tlie 
turbulence  intensities  would  be  2  or  3  times  low'er  had  no 
simulation  been  employed. 

A  spectnim  of  tlie  turbulent  fluctuations 
measured  200mni  above  tlie  wind  tunnel  floor  is  shown  in 
Fig.  2.  For  comparative  purposes,  tlie  w'ell  known 
modified  von  Kaniiaii  spectrum  has  been  plotted  with  tlie 
measured  spectnmi.  Tlie  von  Kamian  spectnmi  shown  has 
been  derived  using  the  linear  scaling  of  tlie  model, 
together  with  the  velocity  scaling  ratio  of  the  wind  tmmel 
oixcrating  speed  and  tlie  full  scale  wind  speed.  Hie 
combination  of  these  scaling  factors  means  tliat  effectively 
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the  results  measured  in  the  wind  tunnel  occur  fifteen  times 
faster  than  would  occiu  in  tlie  full  scale  situation.  The 
good  agreement  between  tire  spectra  shown  in  Fig.  2 
shows  that  the  sizes  (or  scales)  of  the  simulated  turbulent 
fluctuations  have  also  been  modelled  correctly. 

The  observation  tliat  the  shear,  turbulence  level 
and  turbulence  scales  have  all  been  simulated  in  the  wind 
tunnel  satisfies  criteria  specified  by  the  British  Standards 
Institute  (see  references).  Tliese  criteria  correspond  to  the 
best  present-day  practice  of  enviroiunental  wind  tumiel 
testing  techniques. 

2.2  Wind  Tunnel  Model 

A  1:200  scale  model  of  a  t>pical  Royal  Navy 
Type  23  ‘Duke’  Class  frigate  was  constructed,  and  painted 
matt  black  to  reduce  tlie  efiects  of  flare.  Tlie  dimensions  of 
tliis  model  are  shown  in  Fig.  3.  It  can  be  seen  from  tliis 
figure  tliat  the  rear  deck  of  tliis  ship  design  is  dominated 
by  a  large  hangar,  aft  of  which  is  tire  helicopter  landing 
deck  platform.  Aroimd  tlie  model  of  tlie  frigate,  a  number 
of  nuts  were  randomly  scattered.  Tliese  nuts  act  as  small 
rougliness  elements,  and  are  necessary-  to  ensure  tliat  the 
boundary  layer  passing  over  the  ship  model  retains  its 
turbulent  nature.  Tlie  model  was  mounted  on  a  turntable, 
tliereby  enabling  a  range  of  yaw  angles  to  be  set. 

Reynolds  number  effects  (often  also  called 
model  scale  effects)  mean  tliat  tlie  flow  pattern  can  be 
different  for  models  compared  to  their  full  scale 
counterparts.  For  Reynolds  numbers  of  practical  interest, 
air  cannot  follow  a  surface  having  sudden  changes  of 
surface  direction,  histead,  air  flow  tends  to  separate  away 
from  the  surface  at  such  comer  points.  As  can  be  seen  in 
Fig.  3  most  of  the  model  of  the  frigate  has  sharp  edges. 
Hence  the  air  flow  will  always  separate  from  tliese  edges 
at  both  model  and  full  scales.  Tlierefore,  measurements 
obtained  from  tliis  small  scale  model  testing  will  produce 
tlie  same  results  as  would  be  obtained  at  full  scale. 

2.3  LDA  System  and  Configuration 

The  LDA  employed  was  a  full  3  component 
Dantec  Fibre-Flow  system  (Fig.  4).  Tlie  light  source  is  a  5 
Watt  Spectra-Physics  2016  Stabilite  Argon-ion  laser.  Ten 
metre-long  fibre  optic  cables  enable  tlie  tliree  dominant 
wavelengtlis  to  be  transmitted  from  tlie  beam-splitter  unit 
to  tw'o  indefiendently  mounted  1600nmi  focal  length  optic 
heads  -  green  (514.5iun)  and  blue  (488nm)  beams  are 
emitted  from  one  optic  head  (referred  to  as  the  2D  head), 
violet  beams  (476.5iuii)  from  a  second  (ID)  optic  head. 
Tlie  gimbal  mounts  within  w-hicli  the  optic  heads  are  set 
can  be  dipped  and  sw'ept  to  provide  the  required  optical 
configuration.  The  optic  heads  can  also  be  rotated  within 
their  respected  gimbal  mounts  in  order  to  produce  a  more 
balanced  system  where  the  velocity  recorded  by  each  of 
tlie  tliree  channels  is  of  approximately  tlie  same 
magnitude.  Finally  both  gimbal  mounts  are  affixed  to  a 
high  precision  3-axis  Dantec  traverse  which  enables  a 
600nun  by  600nini  by  600nini  grid  to  be  configured  with  a 


step  size  accurate  to  0.005mm.  Fig.  4  shows  tliat  the  LDA 
is  mounted  external  to  the  working  section  of  the 
Industrial  Aerodynamics  wind  tunnel.  Optical  access 
provided  no  difficulties. 

Collection  of  the  scattered  light  can  be  achieved 
by  both  optic  heads,  and  hence  two  distinct  modes  of 
operation  are  possible.  In  the  backscatter  mode  the  light 
scattered  by  tlie  seeding  particles  passing  through  the 
intersection  of  the  beams  from  one  optic  head  is  collected 
by  the  same  optic  head;  in  the  cross-coupled  mode  the 
liglit  is  collected  “off-axis”  by  tlie  other  optic  head.  In  both 
cases  tlie  collected  light  passes  down  tlie  fibre-optic  cable 
to  tliree  “filtered”  photomultipliers.  The  resulting  signal 
from  each  photomultiplier  is  tlien  fed  to  an  Enhanced 
Burst  Spectrum  Analyser  -  one  for  each  wavelength.  The 
method  of  accurately  determining  tlie  frequency/velocity 
calibration  factor  and  tlie  elements  of  tlie 
measured/required  velocity  transformation  matrix  is 
described  below'.  A  133MHz  Pentium  provided  the 
computer  hardw'are  to  control  both  the  data  acquisition  and 
tlie  traverse  movement. 

Tlie  experimental  requirement  was  for  tluee- 
component,  non-intnisive,  and  directionally  unambiguous 
velocity  data.  Tliese  criteria  were  successfully  met  by  the 
above  system.  Tlie  furtlier  important  requirement  of 
ensuring  good  spatial  resolution  camiot  however  be 
assumed  for  such  small  beam  included  angles  (focal  length 
leOOnuii,  separation  115mni).  It  is  well  established  that 
off-axis  light  collection  reduces  tlie  effective  measurement 
volume  size.  There  is  however  a  detrimental  effect  on  the 
data  rate,  attributed  to  botli  tlie  fact  that  the  number  of 
seeding  particles  passing  tlirough  the  measurement  volume 
must  inevitably  be  proportional  to  tlie  size  of  the  volume 
itself,  and  to  the  considerable  difficulty  in  ensuring 
adequate  aligiunent  of  tlie  system. 

Practical  experience  (Swales  (1994))  suggests 
tliat  for  the  system  at  Bristol  operating  in  tlie  backscatter 
mode  tlie  system  rarely  drifts  out  of  alignment  -  the 
position  of  tlie  measurement  vohmie  may  drift  sliglitly  but 
tlie  beams  and  the  collection  volume  drift  “together”  and 
hence  tlie  system  remains  aligned.  Most  importantly  tlie 
level  of  aligiunent  is  not  ahvays  critical.  However,  if  the 
liglit  is  collected  off-axis  the  beams  and  tlie  collection 
volume  are  associated  witli  two  independent  optic  heads. 
Aligning  the  collection  volume  to  tlie  intersection  of  tlie 
beams  is  tlierefore  much  harder  to  achieve  and  any  sliglit 
drifting  of  either  optic  head,  caused  for  example  by  slight 
vibration,  will  result  in  rapid  misaligmuent  and  hence  a 
significant  drop  in  data  rate.  Tlie  former  problem  w'as 
solved  by  tlie  development  of  a  quantitative  alignment 
technique,  the  latter  by  small  but  crucial  modifications  to 
the  optic  head  clamping  mechanism. 

As  described  by  Sw'ales  et  al.  (1993)  tlie 
improved  aligiunent  tecluiique,  ratlier  tlian  relying  on 
visually  interpreting  and  improving  tlie  concentricity  of 
images  caused  by  the  beams  being  passed  tlirougli  an 
objective  lens,  simply  requires  acting  on  tlie  output  of  a 
multimeter.  A  low'  meter  reading  corresponds  to  an 
increased  amount  of  light  being  detected  by  a  light 
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dependent  resistor  mounted  behind  a  20  micron  diameter 
pinhole  (Fig.  5).  This,  due  to  tlie  Gaussian  liglit  intensity 
distribution  across  a  beam,  corresponds  in  turn  to  tlie 
centre  of  the  beam  being  aligned  at  tlie  front  face  of  the 
pin-hole.  The  technique  of  aligning  first  tlie  two  collection 
volumes  and  tlieii  tlie  individual  beams  is  shown 
schematically  in  Fig.  5.  The  result  of  employing  tliis 
quantitative  alignment  tecluiique  has  been  the  ability  to 
consistently  (approximately  98%  of  the  time)  achieve  a 
level  of  alignment  sufficiently  high  to  operate  in  the  cross- 
coupled  mode  witliout  a  detrimental  effect  on  the  data 
rate.  Tlie  success  of  tlie  tecluiique  is  such  that  data  rates  in 
tlie  cross-coupled  mode  are  now  higher  tlian  could  be 
achieved  previously  in  tlie  backscatter  mode  by  using  tlie 
conventional  alignment  metliod. 

2.4  Velocity  Transfonnation  Matrix 

The  direction  of  tlie  measurement  vectors  are 
detemiined  by  tlie  optical  configuration.  Tlie  tliree 
components  of  velocity  have  therefore  to  be  transfomied 
into  values  relative  to  tlie  traverse  and  eventually  relative 
to  the  wind  tunnel  working  section. 

The  tecluiique  of  determining  tlie  elements  of 
tlie  transfonnation  matrix  is  based  on  dcteniiining  the 
coordinates  of  the  intersection  of  tlie  six  beams  \iitli  two 
planes  at  a  known  separation,  followed  by  the  application 
of  simple  vector  algebra.  Hie  accuracy  of  the  tecluiique  is 
guaranteed  tlu-ougli  tlie  use  of  tlie  pin-hole  alignment 
meter  described  above  -  by  positioning  the  pin-hole  meter 
at  a  suitable  position  tlie  centre  of  a  laser  beam  can  be 
aligned  to  an  accimacy  of  O.Olnun  to  tlie  pin-hole,  and  tlie 
corresponding  traverse  “X”  and  “Z”  coordinates  noted. 
The  process,  with  tlie  pin-hole  meter's  position  fixed,  is 
repeated  for  all  six  beams,  each  time  noting  the  traverse 
coordinates.  Tliis  is  tlien  repeated  for  tlie  traverse  at  a 
second  “Y”  position  corresjionding  to  tlie  beams  being 
intersected  by  a  second  plane.  Finally  the  12  sets  of 
traverses  are  inserted  into  a  spreadsheet  which  uses  simple 
vector  algebra  to  detemiine  botli  tlie  tliree  calibration 
factors  and  the  elements  of  die  transfonnation  matrix.  Fig. 
6  illustrates  tlie  key  featiues  of  tlie  technique.  Analyses 
within  the  department  have  shown  tlie  error  induced  by 
inacciuate  measurements  of  tlie  beam  vectors  to  be 
minimal  (Mac  Manus  et  al.  (1996)).  For  this  study  a 
furtlier  rotational  matrix  had  to  be  applied,  and  tlie 
accuracy  of  tliis  transfonnation  w'as  deiiendcnt  on  tlie 
accurate  measurement  of  the  yaw'  angle  of  tlie  ship. 


3.  RESULTS  AND  THEIR  DISCUSSION 

Detailed  data  was  recorded  with  the  1 :200  scale 
generic  frigate  at  both  zero  yaw  (ship  axes  directly  in  line 
witli  tlie  wind  timnel  axes  and  hence  the  onset  flow)  and  at 
a  yaw'  angle  of  30  degrees.  Nine  traverses  w-ere  configured 
for  both  yaw  angles,  wntli  eacli  traverse  comprising  a 
rectangular  grid  with  over  300  points  reaching  from  the 
fliglit  deck  to  twice  tlie  height  of  the  hangar,  and  over 


three  times  the  width  of  the  ship.  Nine  traverses  were 
configiued,  each  at  a  different  “X”  position,  from  5mm  to 
245mm  downstream  of  the  hangar. 

Fig.  7  shows  tlie  three  resolved  components  of 
velocity  (U,  V,  and  W)  for  the  zero  yaw  case  25nim 
downstream  of  tlie  hangar.  Of  note  is  tlie  symmetry  of 
tliese  contour  plots.  Away  from  tlie  influence  of  the  hangar 
tlie  streamwise  velocity  (approximately  -3m/s  (the 
negative  value  is  due  to  sign  convention))  approaches  the 
undisturbed  wind  tiuuiel  velocity.  There  is  very  little 
structure  except  immediately  behind  the  hangar  (height 
30mm)  where  a  region  of  positive  velocity  exists, 
corresponding  to  a  reversed  flow  region,  typical  of  the 
near-w'ake  caused  by  a  bluff  body.  The  velocity  across  the 
deck,  V,  reaches  maximum  values  (positive  and  negative) 
inuiiediately  behind  the  sides  of  tlie  hangar,  with  zero 
velocity  inuiiediately  behind  tlie  centre  of  tlie  hangar. 

It  is  in  many  respects  tlie  vertical  velocity  which 
is  of  greate.st  importance  to  the  pilot,  as  on  landing  the 
helicopter  wall  have  to  cross  a  strong  region  of  downwash 
(shown  as  positive  velocities  in  Fig.  7).  For  the  case  5mm 
downstream  of  the  hangar,  tlie  velocity  varies  by  51%  Va, 
where  Va  is  tlie  velocity  at  tlie  ship’s  anemometer,  in  only 
84cni  full  scale  vertical  distance.  By  25nuii  downstream  of 
tlie  hangar  the  shear  layer,  which  emanates  from  the  sharp 
edges  of  the  sujierstructure,  is  rather  tliicker  but  tlie  effects 
are  still  considerable. 

Fig.  8  show's  a  vector  plot  for  a  rectangular 
traverse  at  a  constant  20mm  from  the  flight  deck  (one  third 
of  hangar  height)  depicting  tlie  characteristic  momentum 
deficit  profile  associated  with  tlie  wake  of  a  solid  body. 
Tlie  flow'  is  very  synunetrical  and  predominantly  in  the 
streamwise  direction.  Tlie  near-wake,  witli  its  strong 
‘stagnated’  region,  extends  over  approximately  one  third 
of  tlie  deck  leiigtli.  Fig.  9  shows  that  tlie  far-wake  is 
boimded  by  a  shear  layer  which  reattaches  to  the  fliglit 
deck  at  about  60nini,  or  about  50%  flight  deck  length.  This 
U-W  vector  plot  clearly  demonstrates  tlie  strong 
recirculating  region  immediately  behind  the  hangar 
tlirougli  which  the  helicopter  has  to  fly. 

Figs.  10  and  11  show  contour  plots  of  the 
streamwise  velocity  5nuii  downstream  of  tlie  hangar  for 
the  zero  yaw  and  tlie  30  degree  yaw  case  respectively.  The 
zero  yaw  case  is  similar  to  tliat  already  described  for  Fig. 
7.  Tlie  30  degree  yaw'  case  show's  the  contrast  beUveen  the 
leeward  and  windward  sides  of  tlie  ship  (left  and  riglit 
respectively  in  Fig.  1 1 ).  On  tlie  windw'ard  side  there  is  a 
very  sharji  boundaiy  betw'eeii  tlie  undisturbed  flow  and 
that  immediately  behind  the  hangar.  On  tlie  leeward  side 
there  is  a  more  gradual  change,  and  in  contrast  to  tlie  zero 
yaw'  case  the  elTects  of  tlie  ship  are  still  substantial  right 
up  to  the  maximum  height  of  tlie  traverse,  ie.  to  twice  tlie 
height  of  the  hangar. 

Tlie  vector  plots  shown  in  Figs.  12  and  13 
confinn  tlie  strong  contrast  between  tlie  leeward  and  the 
windward  side.  For  the  30  degree  yaw  case,  almost  tliree- 
quarters  of  the  flight  deck  is  engulfed  in  a  very'  turbulent 
flow',  flic  near-w'ake  is  still  present  but  the  recirculation 
on  the  Icew'ard  side  (negative  traverse  jxisitions)  of  tlie 
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hangar  fac€  is  larger  than  tliat  on  tlie  windward  side.  Botli 
vector  plots  confirm  the  existence  of  crosswinds,  which  in 
reality  can  be  so  strong  that  there  is  insufficient  roll  cyclic 
or  rudder  control  to  maintain  the  proper  heading  relative  to 
the  ship. 

There  are  several  features  of  note  in  Fig.  13, 
including  two  strong  regions  of  vortical  flow,  one  5mm 
below  the  top  of  tlie  hangar  and  one  to  tlie  leeward  side  of 
the  ship.  Tliese  are  simply  extensions  of  tlie  basic  concept 
of  vortex  comer  flows,  in  tliis  case  caused  respectively  by 
the  flow  forming  along  the  windward  roof  edge  of  tlie 
hangar  and  by  tlie  airflow  passing  over  tlie  main 
superstructure.  In  addition,  immediately  either  side  of  tlie 
location  of  the  hangar  tliere  are  relatively  strong 
updrauglits,  confimiing  observations  previously  made  by 
Woodfield  and  Tomlinson  (1995). 

From  tlie  sample  of  results  presented  and  by 
Crompton  and  TerT>'  (1996)  it  is  evident  that  tlie  box-like 
superstmcture  poses  significant  problems  to  tlie  pilot  and 
helicopter  alike,  and  that  there  is  considerable  scope  for 
improvements  to  be  made.  Tlie  results  confirm  tliat  tlie 
regions  of  highly  three  dimensional  or  recirculating  flow 
are  extensive,  thereby  unsuitable  for  hot-ivires.  However 
the  problem  is  a  complex  one  \vitli  many  different  and 
interlinked  mechanisms.  It  is  an  area  where  the  LDA  is 
ideally  suited.  Furtliemiore  wdtliout  a  dedicated  traverse 
the  large  number  of  individual  stations  making  up  tlie  grid 
would  have  taken  too  long  witli  the  hot-wire.  Widi  tlie 
LDA  acquiring  3  component  data  it  is  po.ssible  to  complete 
a  300  point  traverse  in  20  minutes,  tlioiigh  for  tliese  tests 
longer  sampling  times  were  employed. 

The  quality  of  tlie  LDA  data  is  self-evident  from 
the  vector  plots.  There  are  no  spurious  data  points  and  all 
the  results  appear  consistent.  Tlie  usual  issues  of  LDA 
measurement  accuracy  exist,  but  these  are  beyond  tlie 
scope  of  this  paper. 

4.  CONCLUSIONS 

Tlie  unique  combination  of  an  atmospheric  iviiid 
tunnel  and  a  3  component  laser  Doppler  anemometer  has 
led  to  an  economic  and  practical  alternative  to  tlie  dynamic 
interface  method  of  establishing  tlie  operating  envelope  of 
a  given  helicopter/sliip  combination.  Tliis  is  an  important 
development  and  should  lead  to  a  greater  imderstanding  of 
the  importance  of  improved  superstructure  design  for  non¬ 
aviation  ships.  As  expected  the  initial  results  have  shown 
there  to  be  very  strong  shear  layers  and  significant  regions 
of  recirculating  flow. 
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Fig.  1  Velocity  Profiles  From  Boundary  Fig.  2  Spectrum  of  the  Turbulent  Fluctuations 
Layer  Simulation  200mm  above  Wind  Tunnel  Floor 


Fig.  3  1 :200  Scale  Model  of  a  Type  23  “Duke"  Class  Frigate 


Fig.  4  Schematic  Showing  Principal  LDA  Components 
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1)  Collection  Volume  Brought  to  Face  of  Pin-hole  Meter 


2)  Collection  Volume  Focused  on  Face  of  Pin-hole  Meter 


-Collection  Volume 
V  J  Focused 


3)  Collection  Volume  Focus  Brought  to  Face  of  Pin-hole 


4)  Repeated  for  Second  Collection  Volume  and  Beams 


Position  of  Beams 

Positions  of  Beams  At  Rrst  Plane 


As  Each  Beam  is  Aligned  to  Pin-hole  Meter 
Traverse  Coordinates  are  Recorded 


Fig.  5  Schematic  of  Quantitative  Pin-hole 
Meter  Alignment  Technique 


Fig.  6  Method  of  Determining  the  Elements 
of  the  Transformation  Matrix 


Plane  25mm  Downstream  of  Hangar 


Fig.  7  Three  Component  Contour  Plots,  25mm  Behind  Hangar,  Zero  Yaw 
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Oistancd  from  centre  of  Hangar  /mm 


Fig.  8  Vector  Plot  at  Zero  Yaw,  Z=20mm 


Distance  from  Hangar  /mm 


Fig.  9 


Vector  Plot  at  Zero  Yaw,  Y= 


0mm 


(Zero  Yaw  Angle) 


Fig.  1 1  Streamwise  Velocity  Contour  Plot 
(30  Degree  Yaw  Angle) 


Vertical,  wA 


Fig.  1 2  Vector  Plot  at  30  Degrees  Yaw  and  Z=20mm 


Vertical,  wl 


Fig.  1 3  Vector  Plot  at  30  Degrees  Yaw  and  X=25mm 
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ABSTRACT 

As  part  of  the  HART  program  (Higher  Harmonic 
Control  Aeroacoustic  Rotor  Test,  jointly  conducted  by  US 
Army,  NASA,  DLR,  DNW  and  ONERA),  a  series  of  tests 
have  been  made  in  the  German  Dutch  Wind  Tunnel  (DNW) 
on  a  helicopter  rotor  with  2  m  long  blades,  rotating  at  1040 
r.p.m.;  several  flight  configurations,  with  an  advance  ratio 
of  0.15  and  a  shaft  angle  of  5.3°,  have  been  studied  with 
different  higher  harmonic  blade  pitch  angles  superposed  on 
the  conventional  one  (corresponding  to  the  baseline  case). 
Helicopter  external  noise  is  mainly  generated  by  the  Blade 
Vortex  Interaction;  therefore  the  vortex  must  be 
characterized  before  its  interaction  with  the  blade,  which 
means  that  its  viscous  core  radius,  its  strength  and  its 
distance  to  the  blade  have  to  be  determined  by  non 
intrusive  measurement  techniques.  The  flow  on  the 
retreating  side  has  been  analyzed  with  an  especially 
designed  3D  laser  velocimeter,  and,  simultaneously,  the 
blade  tip  attitude  has  been  determined  in  order  to  get  the 
blade-vortex  miss  distance,  which  is  a  crucial  parameter  in 
the  noise  reduction. 

A  3D  laser  velocimeter,  in  backscatter  mode  with  a 
working  distance  of  5  m,  was  installed  on  a  platform  9  m 
high  and  flow  seeding  with  submicron  incense  smoke  was 
achieved  in  the  settling  chamber  using  a  remotely 
controlled  displacement  device.  Acquisition  of 
instantaneous  velocity  vectors  by  an  IFA  750  yielded  mean 
velocity  and  turbulence  maps  across  the  vortex  as  well  as 
the  vortex  position,  intensity  and  viscous  radius.  The  blade 
tip  attitude  (altitude,  jitter,  angle  of  incidence)  was 
recorded  by  the  TART  method  (Target  Attitude  in  Real 
Time)  which  makes  use  of  a  CCD  camera  on  which  is 
formed  the  image  of  two  retroreflecting  targets  attached  to 
the  blade  tip  and  lighted  by  a  flash  lamp.  In  addition  to  the 
mean  values  of  the  aforementioned  quantities,  spectra  of 
their  fluctuations  have  been  established  up  to  8  Hz. 


1.  INTRODUCTION 

In  flight  conditions  of  take-off  and  landing,  helicopters 
generate  high  external  noise  when  rotor  blades  interact  with 
the  tip  vortices  shed  by  the  preceding  blades.  The  reduction 
of  this  phenomenon,  known  as  Blade  Vortex  Interaction 
(BVI)  noise,  has  required  a  better  insight  into  the 
mechanisms  which  create  it.  It  was  shown  that  the  BVI 
noise  intensity  strongly  depends  on  the  vortex  strength  as 
well  as  on  the  blade-vonex  miss  distance,  parameters 
which  can  be  influenced  by  superposing  a  higher  harmonic 
blade  pitch  angle  on  to  the  conventional  one;  this  process 
is  called  Higher  Harmonic  Control  (HHC)  (Spiegel  et  al 
1992). 

The  HART  (HHC  Aeroacoustic  Rotor  Test)  programme 
(Gmelin  et  al  1995)  has  been  jointly  conducted  by  US 
Army,  NASA,  DLR,  DNW  and  ONERA  in  order  to 
improve  physical  understanding  and  modelling  of  the  HHC 
effects  on  BVI  noise  and  vibration  generation  by  means  of 
theoretical  and  experimental  studies. 

Various  experimental  studies  were  performed  in  DNW 
(German  Dutch  Wind  Tunnel,  Emmeloord.  The 
Netherlands)  (Kube  et  al  1994).  In  this  paper  we  shall 
particularly  focus  on  the  way  the  flowfield  has  been 
characterized  in  details  by  ONERA  on  the  retreating  side, 
using  laser  velocimetry  in  connection  with  the  TART 
method  (Target  Attitude  in  Real  Time)  which  sampled  at 
each  turn  the  blade  tip  attitude.  These  non  intrusive  optical 
methods  allow  an  accurate  description  of  the  vortex  before 
it  interacts  with  the  blade  (vortex  core  radius,  vortex 
strength),  as  well  as  vortex  location  relative  to  the  blade  in 
flight  (blade-vortex  miss  distance);  all  these  parameters  are 
fundamental  in  noise  generation  and  reduction.  Three  flight 
configurations  have  been  mainly  smdied,  with  an  advance 
ratio  of  0.15  and  a  shaft  angle  of  5.3°,  in  order  to 
understand  the  involved  phenomena:  a  baseline  case,  a 
second  case  with  an  HHC  adjustment  for  which  noise  is 
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minimized,  and  a  third  case  where  vibrations  are 
minimized. 

The  experimental  environment  at  DNW,  due  to  the  size 
ot  the  facility,  presented  a  series  of  specific  difficulties 
which  were  overcome  by  developing  dedicated  instruments 
and  new  measuring  procedures  which  are  reported  in  this 
paper.  This  technical  challenge  has  contributed  to  the 
extension  of  the  application  domain  of  laser  velocimetry  to 
very  large  scale  industrial  facilities.  Preliminary  data 
processing  was  done  very  often  in  quasi  real  time  in  order 
to  check  the  vonex  location  in  the  measured  field;  then  a 
complete  data  reduction  was  achieved,  taking  into  account 
both  velocity  fields  and  blade  position  measurements. 


2.  EXPERIMENTAL  ENVIRONMENT 

The  experimental  difficulties  mainly  come  from  the 
large  sizes  of  the  facility  and  of  the  rotor  model;  in  fact  the 
same  spatial  resolution  as  in  smaller  facilities  is  required. 
This  is  the  first  time  that  such  optical  techniques  have  been 
implemented  in  DNW.  Moreover  since  the  flow  is 
periodic,  stroboscopic  measurements  must  be  used,  leading 
to  long  data  acquisition  times  which  must  be  minimized. 

The  model  of  the  helicopter  rotor  (provided  by  DLR) 
is  attached  to  the  DNW  sting  mechanism  in  the  open  jet 
test  section  (10x8  m^);  the  blade  is  2  m  long,  its  chord  is 
120  mm  wide,  the  rotation  speed  is  set  at  1040  r.p.m..  The 
rotor  plane  is  at  a  height  of  nearly  10  m  relative  to  the 
ground.  Since  the  vortex  core  must  be  evaluated  to  a 
fraction  of  a  chord,  a  field  of  a  few  hundred  mm^  must  be 
accurately  analyzed  at  an  altitude  of  10  m  relative  to  the 
ground,  i.e,  at  blade  level.  Optical  and  mechanical  setups 
must  be  installed  outside  the  main  flow,  which  requires  a 
working  distance  of  5  meters. 

To  measure  the  highly  three  dimensional  flow,  a  3D 
laser  velocimeter  was  installed  on  a  platform  9  m  high;  its 
emitting  optics  must  create  a  small  probe  volume  (400  /rm 
in  diameter  as  usually  in  smaller  wind  tunnels,  in  order  to 
have  an  appropriate  spatial  resolution)  at  a  5  m  working 
distance,  and  the  receiving  optics  must  have  an  aperture  of 
nearly  f/10  to  detect  the  submicron  particles  which  are  the 
only  ones  able  to  follow  the  important  flow  velocity 
gradients  (existing,  of  course,  in  vortices);  thus  beam 
expanders  (5x  magnification)  are  used  in  the  emitting  part 
and  a  Cassegrain  telescope,  450  mm  in  diameter,  is  placed 
in  the  receiving  part.  The  scale  of  the  facility  has  required 
the  use  of  large  and  expensive  optics  in  order  to  keep  the 
same  measurement  quality  for  laser  velocimetry  as  that 
usually  obtained  in  smaller  research  facilities. 

In  order  to  minimize  disturbances  at  the  probe  volume 
level,  flow  seeding  is  usually  performed  in  a  wind  tunnel 
far  upstream,  in  the  settling  chamber;  but  at  DNW  this 
settling  chamber  is  50  m  upstream  of  the  test  section  and 
is  30  m  wide  and  18  m  high.  Since  the  flow  is  deflected  as 
it  passes  across  the  rotor  disc,  adequate  seeding  of  the 
vortex  (which  is  always  very  difficult)  requires  control  of 
the  seeding  point  in  the  settling  chamber;  the  seeding 


apparatus  was  installed  on  the  DNW  motorized  transverse 
mechanisms  and  was  remotely  controlled. 

The  flow  is  periodic;  so  statistics  are  done  for  each 
point  of  the  analyzed  field  at  the  same  blade  azimuth. 
Starting  from  a  synchronization  pulse  delivered  by  the  rotor 
at  each  turn  (i.e.  every  57  ms),  data  must  be  acquired 
within  a  short  temporal  window  (typically  80  fis)  in  order 
to  freeze  the  phenomenon.  Under  these  conditions  the 
measurement  probability  is  strongly  reduced  (by  a  factor 
one  thousand  compared  to  a  continuous  flow),  and,  even  if 
the  flow  seeding  provides  a  high  data  acquisition  rate 
(continuous  display  of  50  kHz),  a  velocity  map  of  a  vonex 
may  require  several  hours.  A  measurement  strategy  has 
been  developed  in  order  to  reduce  this  measurement  time 
to  less  than  half  an  hour. 


3.  LASER  VELOCIMETER  DESCRIPTION 
3.1  Optical  and  Mechanical  Setups 

The  aerodynamic  department  of  ONERA  currently  uses 
a  3D  laser  velocimetry  bench  for  measurements  in  research 
wind  tunnels  at  Chalais-Meudon.  The  maximum 
displacements  along  the  three  axes  XYZ  in  this  apparatus 
are  600  mm.  This  setup  has  been  the  basis  of  the  device 
used  in  DNW,  but  specific  components  have  been  added  in 
order  to  extend  its  working  distance  from  2  m  to  5  m  in  the 
backscatter  mode. 

The  Spectra-Physics  171  argon  laser,  emitting  10  W  all 
lines,  as  well  as  the  2D  beam  dividing  system  creating  2 
green  beams  (X  =  514,5  nm)  and  2  blue  beams  (X  =  488 
nm)  which  are  coaxial,  are  fixed  on  the  horizontal 
translation  systems  XY.  The  frequency  shift  which  is 
induced  on  both  green  and  blue  components  by  a  pair  of 
acousto-optic  modulators  (Bragg  cells)  is  fixed  at  5  MHz 
(Boutier  et  al  1984).  These  4  beams  are  directed  vertically 
by  mirrors  towards  the  emitting  optics,  composed  of  a 
Cassegrain  beam  expander  (x  5)  and  a  doublet  (corrected 
for  chromatism),  200  mm  in  diameter  and  having  a  5  m 
focal  length  (Boutier  et  al  1990).  This  optics  axis  makes  an 
angle  of  15°  with  the  Y  axis  of  the  velocimeter. 

For  the  third  (violet)  component  (X  =  476,5  nm),  a 
fiber  optic  device  has  been  added  in  order  to  minimize  the 
weight  that  the  Z  vertical  translation  slide  must  hold.  This 
translation  slide  also  holds  the  heavy  green-blue  emitting 
device  and  the  large  Cassegrain  telescope  which  receives 
light  scattered  by  particles  crossing  the  probe  volume.  The 
Spectra-Physics  2040  argon  laser  emitting  2  W  on  the 
violet  line,  as  well  as  the  rigid  mechanical  box  enclosing 
optics  which  allow  the  division  of  the  violet  beam  into  two 
beams  (separating  plate,  mirrors  and  two  Bragg  cells 
introducing  also  a  5  MHz  frequency  shift),  are  installed  on 
the  ground  of  the  wind  tunnel  on  a  structure  of 
Microcontrole  rails  set  on  a  stable  wooden  table.  At  the 
ouput  of  this  box,  two  Dantec  manipulators  are  used  to 
couple  the  violet  laser  beams  into  two  monomode.  20  m 
long,  optical  fibers.  At  its  other  end,  each  of  these  fibers 
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is  fitted  with  a  beam  expander  (x  5)  and  focusing  optics 
with  a  focal  length  adjustable  between  2.5  and  5  m.  These 
two  ends,  each  having  a  cylindrical  shape,  are  separated  by 
120  mm  and  are  fixed  on  a  beam  rigidly  linked  to  the  Z 
slide;  their  mean  line  of  sight  makes  an  angle  of  15°  with 
the  Y  axis,  and  is  symmetrical  to  the  green-blue  axis  with 
respect  to  the  receiving  telescope  axis  parallel  to  Y.  Each 
of  the  violet  emitting  optics  is  equipped  with  fine 
adjustments  (optics  displacements  with  micrometer  screws) 
in  order  to  ensure  the  overlap  of  the  violet  beams  inside  the 
probe  volume. 

Light  scattered  by  particles  crossing  the  probe  volume 
is  gathered  by  a  Cassegrain  telescope,  with  a  primary 
mirror  450  mm  in  diameter,  which  is  placed  5  m  from  the 
sample  volume  and  has  a  magnification  of  2.  The  image  of 
the  probe  volume,  situated  slightly  behind  the  primary 
mirror  (after  reflexion  on  the  secondary  mirror  which  is  a 
lens  silvered  on  its  rear  face)  is  transferred  by  a  collimating 
lens  which  sends  the  collected  light  towards  several 
dichroic  plates  which  successively  isolate  the  green,  blue 
and  violet  flux.  Each  monochromatic  flux  then  impinges  on 
a  separate  photomultiplier  tube,  with  an  appropriate 
interferential  filter  in  front  of  it.  This  telescope  has  an  axis 
parallel  to  the  Y  axis,  and  is  situated  at  an  equal  distance 
from  the  green-blue  emitting  optics  and  from  the  third 
violet  component  optics;  therefore  the  mean  angle  between 
the  emitting  and  receiving  axes  is  15°.  The  general 
arrangement  of  the  optics  on  the  platform  9  m  high  is  given 
in  Figure  1. 

An  equilibrium  on  the  the  intensities  of  the  beams 
arriving  in  the  probe  volume  has  thus  been  achieved:  each 
laser  beam  of  each  color  has  a  power  of  300  or  400  mW. 
In  the  probe  volume,  400  iim  in  diameter,  the  fringe 
spacings  are  deduced  from  measurements  with  a  theodolite 
(Boutieret  al  1986);  the  found  values  are  19.96  nm  (green 
component),  18.23  fim  (blue  component)  and  19  ;tm  (violet 
component).  Then  a  matrix  (also  determined  by  theodolite 
measurements)  transforms  the  frame  in  which  components 
are  measured  into  the  wind  tunnel  frame  (U  along  the 
horizontal  axis  parallel  to  the  main  flow  axis,  V  along  the 
Y  horizontal  axis  perpendicular  to  X,  W  along  vertical  Z 
axis  directed  upwards).  The  green  and  blue  components  are 
nearly  symmetrical  (at  45°)  relative  to  the  horizontal  plane. 

The  acquisition  and  signal  processing  devices,  as  well 
as  the  piloting  system  of  the  XYZ  bench,  are  installed  in  a 
shelter  placed  in  the  DNW  hall. 

Blade  vortex  interaction  is  predicted  by  codes  to  occur 
at  306°  azimuth  and  0.87  R  (R  is  blade  radius  equal  to  2 
m).  Since  the  vortex  must  be  characterized  before  this 
interaction  creating  noise,  the  probe  volume  has  been  set  at 
298°  and  0.8  R,  assuming  a  vortex  trajectory  quasi  parallel 
to  the  main  flow  axis  X. 

3.2  Flow  Seeding 

Two  types  of  aerosols  have  been  successively  injected 
into  the  wind  tunnel;  glycol  smoke  which  allows  a  visual 
observation  (via  a  video  camera)  of  the  zone  where 


particles  are  passing  about  the  laser  velocimeter  probe 
volume,  then  incense  smoke  which  provides  the 
submicronic  size  distribution  required  for  the  measurement 
quality. 

The  ouputs  of  these  injectors  are  linked  to  the  smoke 
emitting  point  (in  the  settling  chamber)  by  long  flexible 
tubes  (but  temperature  resistant).  At  the  emitting  point  the 
two  tube  ends  are  placed  side  by  side  and  fixed  on  a  plate 
which  can  move  vertically  along  Z  and  crosswise  along  Y. 
These  displacements  have  amplitudes  of  several  meters 
(settling  chamber  30  m  wide,  18  m  high)  and  are 
motorized.  The  location  of  the  injection  point  is  monitored 
from  the  "command”  shelter  where  the  signal  processors 
and  computers  are  installed,  with  a  display  of  the  injection 
point  positions. 

The  glycol  smoke  generator,  which  can  run  a  very  long 
time,  is  installed  inside  the  settling  chamber  on  a  trolley 
which  moves  along  Y.  It  is  controlled  (electric  commands) 
through  a  30  m  long  cable,  the  end  of  which  is  set  outside 
the  settling  chamber.  For  each  test,  this  glycol  smoke  is 
injected  in  order  to  roughly  find  the  injection  point 
location,  then  is  stopped  in  order  to  use  the  incense  smoke. 

The  incense  smoke  generator  is  located  outside  the 
aerodynamic  circuit  because  it  is  necessary  to  change  the 
granules  which  are  consumed  every  3/4  of  an  hour.  A 
temperature  resistant  tube  leads  the  smoke  inside  the 
settling  chamber  up  to  the  mobile  injection  point  (over  a 
length  of  40  m).  The  injection  pressure  of  the  smoke  is 
regulated  from  the  "command"  shelter  taking  into  account 
the  data  acquisition  rate  and  the  signals  visualized  on 
oscilloscopes. 

3.3  Data  Acquisition 

Signals  from  the  photomultipliers  are  processed  by  an 
IFA  750  of  TSI,  Inc.,  and  are  permanently  visualized  on  3 
oscilloscopes.  The  PHASE  software  is  used;  for  each 
particle,  the  "date"  is  recorded  and  the  3  signals  are 
obtained  in  "simultaneous"  mode,  which  provides  the 
instantaneous  velocity  vector  (allowing  the  computation  of 
all  turbulence  parameters). 

A  PC  computer  manages  the  whole  experiment.  Its 
three  main  functions  are  the  followings;  acquisition  of  data 
from  the  IFA  750,  driving  of  the  stepping  motors  of  the 
XYZ  laser  velocimeter  bench,  and  acquisition  of  the  blade 
turn  numbers:  these  are  delivered  by  an  interface  box, 
allowing  an  interactive  mode  with  another  PC ,  via  the  Data 
Link  card,  acquiring  blade  tip  attitudes  (TART  method). 

A  counter  continuously  displays  the  number  of 
validated  data  points  during  the  observation  window  ot  the 
IFA  750.  which  allows  one  to  visually  optimize  the  position 
of  the  seeding  point.  Optimum  seeding  occurs  when  this 
counter  increases  as  quickly  as  possible. 

Starting  from  a  pulse  delivered  by  the  rotor  when  the 
tested  blade  is  at  180°  azimuth  (i.e.  against  the  wind),  the 
TSI  RMR  device  creates  a  measurement  window:  blade 
azimuths  corresponding  to  the  beginning  and  the  end  ot  the 
vortex  observation  are  entered:  they  precede  the  298° 
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azimuth  (retreating  blade)  where  the  laser  velocimeter 
probe  volume  is  set.  Practically  when  the  blade  achieves  a 
rotation  of  45°  (at  1040  r.p.m.),  the  vortex  moves 
downstream  (at  the  wind  tunnel  speed  of  33  m/s)  a  distance 
of  two  blade  tip  chords  (i.e.  240  mm,  when  its  core  is 
estimated  to  be  a  few  tenths  of  a  chord).  At  each  turn  of 
the  same  instrumented  blade,  instantaneous  velocity  vectors 
are  recorded  and  dated  relative  to  the  beginning  of  the 
measurement  acquisition  window.  For  each  altitude  Z, 
10000  instantaneous  velocity  values  are  recorded  for 
"detailed"  maps;  only  2000  values  are  recorded  when  a 
"rough"  map  is  established. 

For  data  processing,  at  each  Z  altitude,  the  acquisition 
window  is  separated  into  equal  intervals:  for  a  "detailed" 
map,  the  angular  resolution  is  0.5°  for  a  45°  observation 
window,  which  means  90  classes  where  nearly  100 
particles  per  class  are  expected  if  acquisitions  are  evenly 
distributed,  because  in  fact  10  000  particles  are  recorded 
over  the  whole  observation  window.  For  a  "rough"  map, 
which  purpose  is  to  see  if  the  vortex  is  well  detected,  the 
resolution  is  lower  (2.5°),  with  still  100  particles  per  class, 
but  only  2  000  panicles  are  recorded  on  the  whole  window, 
which  is  quicker. 

The  test  strategy  consists  of  recording  for  each  vonex 
a  rough  map  and  processing  it  in  real  time  (acquisition 
takes  15  minutes,  then  data  processing  and  interpretation 
take  10  minutes),  in  order  to  choose  the  appropriate 
parameters  for  the  detailed  exploration.  These  parameters 
include  probe  volume  altitudes  and  synchronization 
azimuths  so  the  detailed  data  will  be  centered  on  the 
vortex. 

All  detailed  measurements  have  been  performed  with 
a  50  fis  coincidence  window,  when  a  0.5°  class  is  80  /xs 
wide.  For  each  validated  particle,  are  associated  its 
temporal  location  (within  1  fis),  the  number  of  the  turn  at 
which  it  was  acquired,  as  well  as  the  blade  tip  attitude 
provided  by  the  T.ART  method. 

The  probe  volume  is  located  at  0.8  R  along  the  radius 
R  (equal  to  2  m)  at  the  fixed  azimuth  of  298°;  its  altitude 
Z  varies  to  map  the  vortex.  In  other  words,  for  each  Z 
value,  for  X  and  Y  fixed,  we  observe  the  vortex  moving  in 
front  of  a  fixed  probe  volume.  One  of  the  purposes  of  the 
data  processing  is  to  evaluate  the  convection  velocity  of  the 
vortex  (modulus  and  angle).  This  velocity  is  nearly  equal 
to  wind  tunnel  speed  (33  m/s),  while  blade  tip  moves  at 
220  m/s.  This  convection  velocity  is  used  to  reconstruct  in 
fixed  coordinates  (Z.  X)  the  velocity  field  measured  in  (Z, 
i/-)  coordinates. 

In  each  class  0.5°  wide  (90  classes  for  each  altitude  Z) 
are  computed  mean  and  r.m.s.  values,  skewness  and 
flatness  factors,  as  well  as  the  Reynolds  shear  stresses.  All 
statistics  made  on  less  than  5  data  points  inside  a  class  are 
eliminated. 

For  each  map.  the  total  number  of  points  varies 
between  5  000  and  10  000  (50  to  100  lines,  which  are 
different  values  of  Z.  each  one  having  90  classes  of  0.5°). 
At  worst,  5%  of  the  data  are  rejected.  For  instance  data  are 
rejected  when  a  blade  blocks  a  laser  beam,  preventing  the 


collection  of  three  components  in  coincidence.  Vortex  cores 
have  relatively  few  particles,  but  are  never  empty. 

In  order  to  restore  the  observed  phenomena  at  best, 
rough  maps  of  the  different  parameters  (mean  velocities 
and  turbulence)  in  frame  (Z,  \l/)  must  be  transformed  into 
maps  in  the  frame  (Z,  X);  therefore  a  constant  convection 
velocity  of  the  vortex  must  be  defined. 

In  fact  the  laser  velocimeter  observes  the  vortex 
translation  at  a  fixed  point  at  altitude  Z.  We  assume  that 
during  this  observation  time  the  vortex  does  not  distort  and 
that  this  structure  moves  at  a  constant  convection  velocity. 
The  value  of  the  convection  velocity  is  obtained  by 
computing  the  mean  velocity  over  the  whole  measured 
field,  for  each  test  configuration.  With  this  strategy,  a 
detailed  vortex  map  is  acquired  within  half  an  hour  (the 
initial  idea  was  of  course  to  open  a  window  of  80  fis  for  a 
fixed  value  of  4'  and  to  move  the  probe  volume  along  Z 
and  X).  This  approach  reduces  data  acquisition  time  by  a 
factor  of  90,  because  the  90  classes  along  X  are 
simultaneously  acquired  (with  the  assumption  of  a  constant 
vortex  convection  velocity  during  the  observation  time  of 
8  ms).  Practically,  half  an  hour  is  a  more  convenient  time 
for  observation  than  fifty  hours. 

4.  BLADE  TIP  ATTITUDE  MEASUREMENT 

In  order  to  determine  the  attitude  of  the  blade  tip  in 
real  time,  a  method  has  been  developed  and  successfully 
tested  during  these  HART  tests.  It  has  been  called  the 
TART  method:  Target  Attitude  in  Real  Time. 

Two  targets  of  scotchlite  (thin  self-adhesive  material 
composed  of  glass  marbles,  used  as  a  retroreflecting 
device)  are  stuck  at  the  tip  of  the  instrumented  blade:  they 
are  4  mm  in  diameter  and  set  70  mm  apart.  They  are 
illuminated  by  a  flash  emitting  1  /ts  pulses,  synchronized 
with  the  rotor.  The  same  synchronization  pulse  as  the  one 
used  for  laser  velocimetry  is  used,  but  with  a  different 
delay,  in  order  to  record  the  blade  attitude  at  298°  during 
laser  velocimetry  measurements. 

A  Lhesa  CCD  camera  looks  at  these  targets  with  a 
variable  focal  length  objective  (80  to  300  mm),  allowing  a 
magnification  of  0.35  at  a  5  m  working  distance.  Interface 
and  software  specific  to  this  configuration  (developed  under 
Labwindows)  allow  real  time  acquisition  on  a  PC  of  the 
barycentres  of  the  two  target  coordinates  (xl.  yl)  and  (x2, 
y2)  illuminated  by  the  flash. 

The  minimum  time  between  two  successive  acquisitions 
is  40  ms,  when  the  rotor  rotation  period  is  57  ms.  The  half 
sum  of  barycentre  ordinates  (xl  +  x2)/2  gives  blade 
altitude:  the  half  sum  of  barycentre  abscissa  (yl  +  y2)/2 
gives  information  on  horizontal  jitter  of  blade  tip.  The  pitch 
angle  of  the  blade  tip  is  given  by  (x2  -  xl)/(y2  -  yl). 

Four  targets  stuck  along  a  rectangle,  accurately 
measured  under  laboratory  conditions,  are  installed  on  the 
blade:  in  order  the  rectangle  to  be  horizontal,  we  push  on 
blade  tip  with  a  telescopic  mast  10  m  high  (and  fitted  with 
an  adjustable  rod  1  m  long).  Reference  data  are  recorded 
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for  a  blade  position  at  rest.  This  provides  camera 
magnification  and  its  angle  relative  to  an  horizontal. 
Simultaneously  a  triangulation  by  theodolites  set  on  the 
ground  provides  the  blade  tip  altitude  in  the  rotor  frame. 
Another  theodolite  looking  at  blade  tip  gives  the 
corresponding  incidence  angle.  All  data  gathered  in  flight 
are  refered  to  the  initial  calibration  data  and  allow  the 
determination  of  blade  tip  altitude  and  incidence  angle  in 
rotor  frame  at  any  moment. 

For  each  file  which  accumulates  instantaneous  values 
relative  to  hundreds  or  thousands  of  rotations,  mean  and 
r.m.s.  values  of  the  following  parameters  concerning  blade 
tip  are  computed:  altitude,  jitter  in  mm  along  X  and 
angular  jitter,  incidence  angle. 

In  the  TART  method,  one  pixel  of  the  camera  used 
corresponds  to  0.3  mm  in  the  field  analyzed.  Therefore  it 
is  the  resolution  of  the  method  for  altitude  and  jitter 
measurements  of  the  two  spot  bary centres.  Angular 
resolution  on  pitch  angle  determination  would  be  0.3®  if  we 
considered  one  pixel  uncertainty  along  a  vertical  axis 
relative  to  a  70  mm  horizontal  basis  (distance  separating 
the  two  targets);  but  practically,  as  each  target  covers 
several  pixels,  because  of  the  horizontal  fluctuations  of  one 
pixel  for  determination  of  each  of  the  two  barycentres,  the 
angular  resolution  is  improved  and  reaches:  (0.3/70  - 
0.3/70.3)  X  180/7r  =  10'^  degree. 

5.  VORTEX  CHARACTERISTICS 
5.1  Laser  Velocimeter  Display 

Acquired  velocity  maps  in  frame  (Z,  \j/)  are 
transformed  into  (Z,  X)  frame  by  taking  into  account  the 
vortex  convection  velocity.  For  (u,  w)  components,  the 
values  in  m/s  of  the  horizontal  Vex  and  vertical  Vcz 
components  of  this  convection  velocity  have  been 
computed:  (34,  -8)  for  the  baseline  case.  (34.9.  -6.3)  for 
the  minimum  noise  case  and  (34.4,  -6.9)  for  the  minimum 
vibration  case.  This  procedure  allows  a  description  of  the 
state  of  the  vortex  when  it  arrives  on  the  retreating  blade 
at  298°,  and  seen  by  an  observer  situated  on  the  laser 
velocimeter  platform.  Z  and  X  coordinates  are  deduced 
from  the  measured  coordinates  Zm  and  f  by  the  following 
formula: 

Z  =  Zm  -H  (298  -  ^)(tr/I80)  x  Vcz  x  u'  (1) 

X  =  (298  -  i^)(7r/180)  X  Vex  x  ca''  (2) 

Notice  that  cj  =  2  ir  f,  with  f  =  17.5  Hz  because  the  rotor 
rotates  at  1  040  r.p.m.. 

For  each  configuration  the  following  maps  are  drawn: 

-  mean  velocity:  the  three  components  (u,  71  w),  then  the 

vectors  (u,  ^  in  a  vertical  plane  (Z,  X)  _  _ 

-  turbulence  levels:  r.m.s.  values  (u’^)''~,  (v’^)"-,  (w‘-)''^, 
and  the  shear  stresses  u’v’,  u’w’,  v’w’ 

-  vorticity  f  in  vertical  plane  (Z,  X). 

Vorticity  f  is  defined  by  the  following  expression  in  each 
point  of  the  measurement  networking,  and  thus  takes  into 
account  adjacent  points:  f  =  dw/dX  -  du/dZ.  This  vorticity 


display  has  been  a  convenient  visualization  means,  which 
has  been  used  to  point  out  vortex  presence  within  a  very 
short  delay  after  the  end  of  a  map  acquisition. 

The  four  most  important  parameters  which  are  deduced 
from  velocity  and  turbulence  maps  are  the  followings: 

a)  location  of  the  vortex  core  in  the  rotor  frame 

b)  location  of  the  vortex  core  relative  to  the  blade;  this 
position  is  computed  by  taking  into  account  the  results  of 
blade  tip  altitude  provided  by  the  TART  method 

c)  vortex  core  radius 

d)  vortex  intensity,  deduced  from  circulation  calculation. 

The  most  typical  figures  (extracted  among  the 
Minimum  Vibration  results)  and  which  have  been  used  for 
data  reduction  and  interpretation  are: 

*  Figure  2:  vector  field  (u,  w) 

*  Figure  3:  IT  =  f(Z,  ^)  non  convected  field;  this 
representation  allows  to  point  out  the  blade  wake  in  the 
foreground;  interaction  of  this  wake  with  the  vortex 
struemre  explains  the  difficulties  found  further  to  compute 
vortex  strength  from  a  circulation  evaluation  on  a  closed 
contour  surrounding  the  vortex. 

*  Figure  4:  u  field,  horizontal  component  of  mean  velocity 
along  X 

*  Figure  5;  ir=  f(Z)  profile;  it  is  established  at  value  ^t 
corresponding  to  vortex  core  location  (see  explanations  3) 
and  4)  in  section  5.2) 

5.2  Vortex  Core  Location 

The  evaluation  of  the  vortex  core  location  has  been 
achieved  in  seven  different  ways,  for  the  three  flight 
configurations: 

1)  from  the  representation  of  isovorticity  contours,  plotting 
of  target  center  where  lines  which  are  quasi  concentric 
become  more  confined; 

2)  in  Figure  2  representing  the  projection  (iT  w)  of  mean 
velocity  vectors  in  vertical  plane  (X,  Z),  plotting  of  the 
central  point  around  which  vectors  seem  to  wind; 

3)  starting  from  the  figures  representing  isovalue  lines  of 
axial  u  component  (Figure  4)  and  of  vertical  “component 
(a  similar  figure  has  been  drawn),  these  figures  looking  like 
"butterflies”,  plotting  of  vortex  center  altitude  Zt  in  u  map 
and  of  its  position  Xt  (or  ipt)  in  w  map;  this  plotting 
corresponds  to  the  axis  of  symmetry  of  the  "butterfly”; 

4)  for  Xt  defined  in  3),  i.e.  for  a  fixed  blade  azimuth, 
evolution  of  axial  u  component  is  drawn  as  a  function  of  Z 
(Figure  5);  vortex  center  is  thus  defined  as  the  mean  of  Z 
values  corresponding  to  curve  extrema  (see  arrows).  The 
values  of  these  extrema  of  axial  u  component  are  nearly 
symmetrical  relative  to  convection  velocity; 

5)  starting  from  Figure  5,  the  vortex  center  is  defined  as 
the  curve  inflexion  point; 

6)  for  Xt  defined  in  3),  i.e.  always  for  a  fixed  blade 
azimuth,  profile  (u’-)''-  =  f(Z)  is  drawn,  i.e.  axial  velocity 
fluctuations  which  usually  characterize  turbulence  (however 
they  also  integrate  velocity  gradients  due  to  the  vortex 
position  fluctuations  from  one  turn  to  another);  these  curves 
show  a  maximum  at  vortex  center; 
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7)  for  Xt  defined  in  3).  i.e.  always  for  a  fixed  blade 
azimuth,  profile  u’w’  =  f(Z)  is  drawn,  which  is  the 
evolution  of  the  shear  stress;  the  zero  crossing  of  this 
profile  is  also  characteristic  of  the  vortex  center. 

Table  1  provides  the  coordinates  Zt  and  ^t  of  the  vortex 
center  as  determined  by  the  7  methods  described  before 
(non  convected  velocity  fields,  in  rotor  frame). 

It  clearly  appears  that  method  4)  is  the  least  accurate 
one  and  provides  results  which  are  not  consistent  with 
those  from  other  methods;  results  from  this  method  4)  are 
thus  rejected  and  the  mean  value  of  the  other  methods  is 
kept  for  each  configuration.  Starting  from  table  1,  the  Zt 
altitude  and  i/'t  azimuth  of  vortex  center  values  finally  kept 
are;  (-12  mm,  258°)  for  baseline  case,  (-45  mm,  269°)  for 
the  minimum  noise  case,  (  +  18  mm,  262°)  for  the 
minimum  vibration  case. 

Nevertheless,  these  altitudes  Zt  are  not  measured  at  a 
298°  blade  azimuth.  Since  the  blade  position  was  measured 
by  the  TART  method  at  298°,  in  order  to  obtain  consistent 
results  at  298°  azimuth,  especially  concerning  the  blade- 
vortex  miss  distance,  we  now  compute  the  altitude  Z’t 
which  the  vortex  core  would  have,  taking  into  account  its 
convection  speed,  when  the  blade  moves  from  i/'t  to  298°. 
The  formula  allowing  us  to  transform  measured  Zt  altitudes 
at  azimuths  i/i  to  values  of  altitudes  Z’t  at  298°  azimuth 
are: 

Z’t  =  Zt  +  Zc  with  Zc  =  Vcz  x  T(i^t  ->  298°) 
T(i/'t  ->  298°)  is  the  time  the  blade  takes  for  this  azimuth 
modification,  giving  that  rotation  period  is  57  ms; 

298°)  =  0,057  X  (298  -  iZ-O/SbO  s 

The  vortex  center  altitudes  Z’t  finally  kept  at  298° 
azimuth,  in  the  rotor  frame,  for  the  retreating  blade  are  the 
followings;  -62  mm  for  baseline  case,  -74  mm  for 
minimum  noise  case  and  -21  mm  for  minimum  vibration 
case;  notice  that  the  altitude  corrections  Zc  are  respectively 
-50  mm,  -  29  mm  and  -39  mm. 

5.3  Vortex  Radius  and  Strength 

The  vortex,  having  a  priori  a  trajectory  in  a  quasi 
horizontal  plane,  but  with  its  axis  not  parallel  to  Y  axis,  is 
seen  by  the  laser  velocimeter  in  perspective;  this  effect  is 
minimized  when  analyzing  data  along  a  vertical  axis  at  i/'t 
fixed.  The  radii  are  then  determined  from  curves  of  the 
Figure  6  type,  distance  between  extrema  giving  2  Rt.  The 
vortex  radii  found  are:  30  mm  for  the  baseline  and 
minimum  vibration,  but  50.5  mm  for  the  minimum  noise. 

Circulation,  representative  of  vortex  strength,  is  usually 
computed  by  integrating  velocity  components  over  a  closed 
contour  surrounding  the  vortex  core;  when  gradually  going 
away  from  the  vortex  core,  a  constant  value  must  be  found. 
This  type  of  calculation  did  not  ever  ended  at  a  constant 
value  because,  in  all  recorded  velocity  fields,  influence  of 
blade  wake  is  very  close  to  the  vortex  (in  Figure  3  the 
wake  is  the  small  "hill"  in  foreground);  the  vortex  could 
also  have  vanished.  Therefore  circulation  has  been 
computed  along  the  following  formula  (Batchelor  1972); 

r  =  (t/ 1,2763)  X  X  2  Rt 


is  the  velocity  gap  between  extrema  of  curve  of 
Figure  5.  The  circulation  has  a  constant  value  of  2.4  mVs. 

5.4  Blade  Tip  Attitude 

The  mean  altitude  of  the  blade  remains  constant  for 
each  configuration,  the  r.m.s.  value  of  the  data  being  of  the 
order  of  1  mm;  however  a  slow  variation  with  a  1  mn 
period  has  been  pointed  out  during  all  recordings,  as  shown 
in  Figure  6  where  the  peak  to  peak  fluctuation  amplitude 
reaches  4  mm;  this  phenomenon  has  been  recorded  over 
more  than  4  000  rotations,  i.e.  during  nearly  4  mn.  On  a 
PC  with  the  Easy  plot  software,  a  frequency  analysis  has 
been  performed  up  to  8  Hz  (rotor  frequency  is  17.5  Hz), 
with  a  magnification  on  the  0  -  0.2  Hz  domain  in  order  to 
clearly  show  the  main  0.017  Hz  frequency  (which 
corresponds  to  a  1  mn  periodicity).  The  blade  tip  jitter  has 
a  constant  mean  value,  with  a  peak  to  peak  amplimde  also 
equal  to  4  mm  (r.m.s.  value  of  0.9  mm);  the 
transformation  of  these  data  into  angular  jitter  provides  a 
r.m.s.  value  of  0.03°  and  a  peak  to  peak  value  of  0.1°. 
Mean  value  of  the  incidence  angle  remains  constant  (thus 
over  4  mn),  but  with  a  r.m.s.  value  of  0.2°  (peak  to  peak 
value  of  0.5°).  Spectrum  analysis  of  jitter  and  incidence 
angle  fluctuations  do  not  point  out  any  significant 
frequency. 

Let  us  notice  that  blocking  the  sting  supporting  the 
rotor  makes  the  periodic  phenomenon  disappear  in  the 
altitude  fluctuations. 

5.5  Blade-Vortex  Miss  Distance 

Position  of  vortex  core  altitude  has  been  determined  at 
the  end  of  section  5.2;  the  TART  method  provides  mean 
values  of  blade  tip  altitude.  Then  we  can  calculate  the 
blade-vortex  miss  distances  at  298°  azimuth,  which  are; 

-  35  mm  for  baseline,  -  54  mm  for  minimum  noise  and 
15  mm  for  minimum  vibration  (Z  axis  is  directed  upwards, 
thus  negative  distances  mean  that  the  vortex  is  under  the 
blade). 

This  final  result  clearly  points  out  that  noise  reduction 
seems  to  be  directly  correlated  to  the  fact  that  the  vortex 
goes  far  away  from  the  blade  before  interaction  (due  to  the 
chosen  HHC),  and  that  when  it  is  closer,  it  induces  a 
minimum  of  vibrations.  This  kind  of  result  constitutes  a 
first  bank  of  data  for  further  interpretations,  in  correlation 
with  all  the  other  measurements  achieved. 


6.  CONCLUSION 

The  characterization  of  a  vortex  having  a  ten 
centimeter  size  in  such  a  large  scale  facility  as  DNW  (8x10 
m-  test  section  size,  with  rotor  blades  2  m  long  and  turning 
at  10  m  from  the  ground)  was  really  a  challenge. 

Two  new  apparatus,  providing  complementary  data, 
have  been  designed  and  used,  with  the  aim  of  providing  the 
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same  data  quality  as  the  one  usually  obtained  in  smaller 
research  facilities. 

Now  an  ONERA  3D  laser  velocimeter,  already 
operational  for  10  years,  is  able  to  perform  reliable 
measurements  with  a  working  distance  of  5  m  and  a  spatial 
resolution  of  400  ^m,  thanks  to  the  use  of  the  following 
key  elements: 

*  large  optics,  panly  already  designed  in  the  past  for  tests 
in  the  pressurized  wind  tunnel  Fl  of  Le  Fauga-Mauzac 
ONERA  center 

*  a  new  technology  based  on  monomode  optical  fibers  for 
the  third  component 

*  the  employment  of  a  new  signal  processor  (the  IFA  750 
TSI  correlator). 

The  TART  method  (composed  of  a  stroboscope,  a 
Lhesa  camera  and  a  PC  with  a  specific  software)  allows 
now  accurate  determination  of  the  attitude  of  a  target  on 
which  two  retroreflecting  circles  are  stuck:  mean  values 
and  fluctuations  of  the  target  position  (as  well  as  its  local 
incidence)  in  a  plane  perpendicular  to  the  line  of  sight  are 
acquired  at  a  20  Hz  rate,  with  a  spatial  resolution  of  a  few 
tenths  of  a  mm  and  an  angular  resolution  lower  than  a 
hundredth  of  a  degree. 

The  results  provided  by  the  laser  velocimeter.  coupled 
to  those  of  the  TART  method,  constitute  an  important  data 
base  concerning  the  structure  (radius,  intensity,  fluctuation 
levels)  and  the  position  relative  to  the  blade  of  the  vortex 
before  it  interacts  with  the  blade.  Helicopter  noise 
reduction  process  thus  begins  to  be  better  understood,  the 
key  parameter  being  the  blade-vortex  miss  distance,  which 
must  be  increased  by  appropriate  settings  of  the  rotor 
blades  in  flight.  Finally  all  non  intrusive  technology  is  now 
available  to  study  other  modifications  which  can  be  brought 
to  helicopter  rotor  characteristics  with  the  aim  of  improving 
rotor  performances. 
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Figure  !:  Optical  configuration  of  the  3D  laser  velocimeter  used 
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U  (m/s) 


Configuration 

Vorticity 

Vector 

Butterflies 

u  =  f(Z) 

T=f(Z) 

Zero 

1) 

map 

mean  Z 

Inflexion 

u’w’  =  f(Z) 

7) 

2) 

3) 

4) 

5) 

mgim 

Baseline 

-  8 

-  14 

-  12 

-27 

-  12 

-  12 

258” 

259° 

258° 

258° 

258° 

258° 

258° 

Minimum 

Noise 

-51 

268° 

-38 

269° 

-73 

269° 

-45 

269° 

-47 

269° 

-57 

269° 

Minimum 

19 

16 

20 

13 

16 

Vibration 

264° 

263° 

262° 

262° 

262° 

262° 

262* 

Table  1:  Coordinates  of  the  vortex  center  deduced  from  7  different  methods;  the  first  number  is  the 
frame,  and  the  second  number  is  the  azimuth  in  degree. 


altitude  in  mm  in  rotor 


Figure  6:  Evolution  of  altitude  H  (1/10  mm)  as  a  function 
of  the  number  of  turns  N  in  baseline  case 
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ABSTRACT 

The  fine  structure  of  the  three-dimensional  flow  field 
downstream  of  an  isolated  axial  flow  fan  rotor  was 
measured  using  Laser  Doppler  Anemometry  (LDA).  The 
blading  was  designed  for  non-firee  vortex  operation. 
Secondary  flow  characteristics  were  examined  for  design 
and  off-design  flow  rates.  Meracting  flow  phenomena,  such 
as  flow  due  to  spanwise  changing  circulation,  passage 
vortex  and  comer  stall  were  observed.  Radial  transport 
processes  were  related  to  secondary  flow.  The  tip  leakage 
flow  was  found  to  be  partially  blocked  by  the  secondary 
flow  caused  by  non-free  vortex  operation.  Close  to  the 
casing  wall,  vortical  flow  motion  was  detected  for  design 
flow  rate.  It  was  compared  with  a  leakage  vortex  observed 
in  a  firee  vortex  operating  rotor  of  similar  geometric  and 
operating  parameters.  Though  these  vortices  behave 
similtirly,  their  origin  must  be  different,  as  is  concluded. 

1.  INTRODUCTION 

The  flow  developing  in  rotors  is  closely  related  to  the 
aerodynamical  losses  and  noise  of  an  eixial  flow  fan.  Losses 
represented  by  secondary  flow,  endwall  and  blade  boundary 
layers  can  be  identified  and  influenced  through  knowledge 
of  flow  field  fine  structure.  Fluid  mechanical  processes 
taking  place  inside  axial  flow  rotor  passages  have  a  great 
complexity.  Thus,  three-dimensional  flow  measurements 
must  be  carried  out  in  the  rotating  system  to  leam  more 
about  these  phenomena  and  to  widen  the  experimental 
basis  of  theoretical  models. 

The  most  desirable  manner  of  investigation  involves 
three-dimensional  flow  study  inside  blade  passages. 
Stauter(1993)  took  such  measurements  in  the  tip  region  of  a 
compressor  using  a  three-dimensional  LDA  system.  A 
widespread  way  of  study  demanding  relatively  simpler 


measurement  technique  is  to  deduce  the  flow  charactenstics 
inside  the  blading  on  the  basis  of  three-dimensional  flow 
measurements  downstream  of  axial  flow  blade  rows. 

Many  of  the  rotors  -mostly  compressors-  under  such 
investigation  were  of  firee  vortex  design  and  operated  at  the 
design  point.  As  a  result,  the  endwall  boundary  layCT  flow 
was  distinguishable  relatively  well  firom  the  mainstream  of 
insignificant  secondary  motion.  Only  a  few  authors,  e.g. 
Ihoue  and  Kuroumaru(1984)  extended  their  measurements 
to  die  whole  downstream  region  of  blade  passages.  Studies 
of  Hunter  and  Cumpsty  (1982),  Inoue  et  a.(1986)  and  hioue 
and  Kuroumaru  (1989)  concentrated  on  the  leakage  flow  in 
the  blade  tip  region. 

A  number  of  publications  are  also  available  for  off- 
design  (non-firee  vortex)  circumstances.  Diing  et  a(1982) 
and  Goto(1992)  obtained  results  in  the  wdiole  downstream 
region.  Experiments  of  Hunter  and  Cumpsty  (1982),  Inoue 
et  a.(1991)  and  Lakshminarayana  et  a.(1995)  were 
restricted  again  to  the  vicinity  of  the  casing  wall.  In  case  of 
bladings  of  non-firee  vortex  operation  a  secondary  flow 
(abbrev.  NFVO  flow  for  "flow  due  to  non-fiee  vortex 
operation")  develops  inside  the  blade  passage  eis  a  result  of 
spanwise  changing  blade  circulation.  The  NFVO  flow  takes 
probably  part  in  formation  of  endwall  boundary  layers  since 
it  transports  medium  to  lower  and  higher  radii.  It  may  also 
influence  the  development  of  the  leakage  jet  and  thus, 
change  the  effect  of  tip  clearance  size  on  tip  clearance 
losses.  Despite  this,  the  above  studies  connect  the 
undertuming  zone  and  the  vortical  motion  (if  any)  near  the 
casing  wall  solely  to  the  leakage  flow. 

The  main  goal  of  the  survey  presented  here  was  to 
point  to  the  possible  influence  of  NFVO  flow  on  flow 
phenomena  near  the  hub  and  casing  wall.  For  this  purpose, 
three-dimensional  LDA  measurements  have  been  carried 
out  downstream  of  a  fan  rotor  designed  for  non-free  vortex 
operation.  Secondary  flows  have  been  examined  from  hub 
to  tip,  for  design  and  off-design  conditions. 
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2.  EXPERIMENTAL  EQUIPMENT 

A  ducted  axial  flow  fan  facility  has  been  built  for 
automatic  characteristic  and  efficiency  curve  measurements 
at  Technical  University  of  Budapest,  Dq)artment  of  Fluid 
Mechanics.  Its  schematic  view  is  shown  in  Figure  1. 

The  rotor  blading  was  designed  for  ideal  total  head 
rise  changing  along  the  radius  as  a  power  fimction  with  a 
power  exponent  of  1.2.  The  design  and  characteristic  curve 
calculation  method  based  on  two-dimensional  cascade  data 
is  described  by  Somlyodi  (1970).  The  geometrical  and 
design  flow  characteristics  of  the  fan  are  given  in  Table  1. 
(A  compressor  studied  by  Inoue  et  a.(1986)  which  we 
compare  to  our  rotor  is  also  characterized  in  Table  1.)  The 
blades  have  a  spanwise  uniform  chord  length  of  136  mm 
and  thickness  of  2  mm.  Further  blading  characteristics  are 
shown  in  Table  2.  Figure  2  shows  the  measured  and 
calculated  characteristic  and  efficiency  curves.  The  studied 
cases  of  lower-than-design  ( <2>=0.4),  design  ( <P=0.5)  and 
higher-than-design  (<b=0.58)  volume  flow  rate  are  called 
cases  L,  D  and  H,  respectively. 


air  inlet 


Figure  1.  Experimental  equipment 


Table  1.  Fan  geometry  and  design  flow  conditions 


Authors'  fan 

Rotor  of  Inoue 
eta.(1986) 

Configuration 

isolated  rotor 

isolated  rotor 

Operation 

non-free  vort. 

fi^ee  vortex 

Inlet  condition 

uniform  axial 

uniform  axial 

Blading 

circular  arc 

NACA65 

Blade  number 

12 

12 

Rotor  speed  /(revAnin) 

1200 

1300 

Anm 

624 

449 

0.683 

0.600 

0.030 

0.034* 

r/£, 

0.022 

0.026* 

3.974 

2.677* 

43 

0.5 

0.5 

'¥ 

0.41** 

0.35** 

n 

0.78** 

0.84** 

*  Calculated  by  the  authors  from  Inoue  eta.(1986) 

♦♦Read  at  design  flow  rates  from  Fig.2  and  Inoue  ct  a.(l  986),  Fig.3 


Table  2.  Blading  geometrical  and  design  characteristics 


root 

midspan 

tip 

r  Anm 

213.0 

262.5 

312.0 

radius  of  curvature/mm 

318.0 

394.2 

475.3 

solidity 

1.22 

0.99 

0.83 

stagger* /deg 

43.2 

49.3 

53.8 

inlet  flow  angle*/deg 

53.8 

59.3 

63.4 

exit  flow  angle* /deg 

57.3 

52.8 

48.9 

lift  coefficient 

0.77 

0.82 

0.86 

♦  Stagger  and  design  angles  are  taken  in  relative  ^tem  from  axial  direction. 


Division  of  *¥  values  by  the  related  ri  data  derives 
the  "measured"  curve  (B).  Calculation  supplies  diagram 

(A)  and  blade-to-blade  averaged  33(e)  distributions 

in  any  operating  point.  The  latter  will  be  taken  as  the  basis 
of  comparison  between  the  measurements  and  the  "ideal 
case".  Curve  A  passes  through  the  design  point  of  =  0.5, 
yfd  =  0.58.  Curves  A  and  B  do  not  coincide  because  the 
design  and  calculation  method  does  not  take  the  flow  rate 
reducing  effect  of  boundary  layers  into  account.  This  effect 
must  be  eliminated  during  comparison.  For  this  purpose, 
operating  points  L,  D  and  H  are  marked  on  curve  B.  They 
are  projected  horizontally  onto  curve  A. 
The  distributions  calculated  for  "reference 

points"  derived  this  way  will  serve  as  reference  to  be 
compared  with  measurement  results,  as  discussed  below. 
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Figure  2.  Fan  characteristic  and  efficiency  curves 


3.  LDA  MEASURING  TECHNIQUE 

To  measure  the  three-dimensional  velocity  field 
downstream  of  the  rotor,  LDA  technique  was  chosen  as  a 
powerful,  non-intrusive  tool  of  high  spatial  and  temporal 
resolution.  The  LDA  available  was  a  single  component 
DISA  55L  Mark  II  type  with  a  Spectra-Physics  Model  124B 
He-Ne  laser. 

A  forward-scattering  method  had  to  be  elaborated, 
due  to  the  low  laser  power.  Relatively  low  levels  of 
reflecting  noise  are  typical  within  the  arrangement.  Figure 
3  shows  the  setup  in  ■Much  the  laser  beam  plane  is 
perpendicular  to  the  duct  axis.  The  velocity  field  is 
assumed  stationary  in  the  rotating  system.  Let  us  take  a 
flow  field  element  characterized  by  constant  cq,c^,c^ 
values.  E.g.  Cg  denotes  cg  multiplied  by  the  tangential  unit 
vector.  If  the  measuring  volume  is  positioned  to  a  -y 
coordinate  from  the  duct  symmetry  plane,  the  magnitude  of 
a  certain  projection  of  Cg  -1-  c^.  perpendicular  to  the  beam 
bisector  can  be  measured  -Mien  the  flow  element  passes  the 
measuring  volume.  Targeting  to  coordinate,  we  can 
measure  the  magnitude  of  another  projection  of  +  C,. . 


Figure  3.  Do'wnstream  view  of  LDA  arrangement 


The  measured  mean  velocities  are  functions  of 
\cg  +  c^\  and  the  known  geometry.  Thus,  cg  and  c^can  be 
calculated.  Taking  such  symmetric  measurements  along  the 
chord  perpendicular  to  the  duct  axis,  the  downstream  region 
of  blade  passages  can  be  swept  from  hub  to  tip,  to  map  cg 
and  .  Aligning  the  beam  plane  parallel  to  the  duct  axis 
and  rotating  the  optical  bench  so  that  the  beam  closer  to  the 
trailing  edges  is  perpendicular  to  the  duct  axts,  the 
magnitude  of  a  projection  of  c^  +  c,.  +  C^is  measured. 
Using  the  appropriate  geometrical  relationship  and  the 
already  kno'wn  cg,  data  is  derived. 

The  duct  has  been  equipped  with  uncoated  plane 
■windows  downstream  of  the  blading  (Brewster  incidence 
condition  is  nearly  fulfilled).  To  minimize  flow  disturbance, 
the  inner  ■window  surfaces  are  tangential  to  the  irmer  casing 
surface  in  the  heigth  of  the  measuring  chord  and  their 
declination  from  the  duct  wall  is  less  than  the  blade  tip 
clearance. 

A  Bragg  cell  is  operated  in  the  path  of  one  beam 
producing  a  40  MHz  frequency  shift.  The  photomultipHer 
(PM)  tube  is  aligned  off  the  LDA  axis.  The  LDA  optical 
bench  supporting  the  transmitting  and  receiving  system  is 
buUt  up  to  a  computer-controlled  x-y  traversing  mechanism. 
An  incremental  rotary  encoder  has  been  coimected  to  the 
fan  driving  motor,  to  measure  rotor  speed  and  angular 
position. 

An  Airbrush  spray  nozzle  seeds  the  flow  field  with 
distilled  water  droplets.  To  reduce  surface  tension, 
detergent  is  ridded  to  the  water  at  an  optimized 
concentration.  Droplet  size  distribution  was  measured  in 
another  LDA  configuration  by  the  visibility  method.  With 
appropriate  trigger  level  adjustment,  droplets  with  approx. 
7  pm  mean  diameter  are  used  for  seeding.  The  diameter 
values  scatter  within  an  approx.  2  pm  ■wide  band. 

A  personal  computer  operates  data  acquisition  and 
traversing.  It  performs  all  the  calculations  and  evaluation. 
Velocity  data  are  determined  using  fast  Fourier 
transformation  software.  Further  details  of  the  measuring 
technique  can  be  found  in  Vad  et  a.(1995). 

The  angular  coordinate  is  read  out  ■with 
±0.3°  uncertainty  at  rotor  speed  of  1200  RPMThe 
effective  measuring  volume  length  is  approx.  4  mm,  ■which 
may  be  too  large  for  measurements  'within  boundary  layers. 
Measurements  have  been  resolved  to  cells  of  5  mm  in 
radial  and  1°  in  tangential  direction.  More  than  100  data 
have  been  collected  for  every  cell  and  their  ensemble 
averages  are  used  in  velocity  calculation.  The  central  angle 
of  the  measuring  region  was  set  to  35’  (1  1/7  pitch) 
downstream  of  one  certain  blade  passage  to  measure  one 
blade  wake  region  contiguously  and  to  check  periodicity  in 
results.  The  measuring  plane  perpendicular  to  the  duct  axis 
was  set  at  x/f  =0.147  from  the  tip  trailing  edge. 
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Table  3.  General  experimental  uncertainty 


y=tan'’(w^/wj 


<^e 

Bias  limit/fiq  /1 00) 

1.8 

0.3 

0.1 

Precision  limit/(ut  /1 00) 

1.0 

0.1 

0.6 

Uncertainty/(«t  /1 00) 

2.1 

0.32 

0.61 

The  relatively  large  droplet  size  causes  bias  error 
predominantly  in  measuring  c^.  Bias  errors  occur  due  to 

alignment  errors  and  deformations.  They  increase  slightly 
with  relative  angular  deviations  near  the  hub.  "Precision 
errors"  occur  mainly  due  to  the  limited  number  of  cell  data 
as  well  as  fluctuation  in  rotor  speed  and  air  density.  During 
evaluation,  spatial  filtering  of  the  velocity  maps  is  executed 
to  diminish  the  effect  of  random  errors  in  identification  of 
flow  phenomena.  Table  3  summarizes  the  velocity  error 
limits  valid  for  all  the  observed  operating  points.  The  error 
estimation  procedure  is  described  in  Bencze  and 
Vad(1996).  The  laser  beams  were  lead  through  the  gap 
between  the  rotor  and  the  motor  casing  situated  behind. 
This  gap  causes  some  disturbance  in  downstream  radial 
velocity  field,  as  measurements  with  removed  blades 
suggest.  Thus,  bias  limit  for  is  0.02«t  in  the  two  cell 
rows  closest  to  the  hub.  Qualitative  conclusions  can  be 
taken  in  this  region,  but  the  results  seem  to  fail  to  satisfy 
e.g.  continuity  law  (c,ij=  0). 


4.  RESULTS  AND  DISCUSSION 


The  measurement  armulus  sector  region  is 
transformed  to  a  rectangle  during  representation.  The  plots 
are  extended  to  40  deg  range  by  duplicating  the  starting 
section  to  get  a  better  view  of  flow  structure.  Methods  used 
by  Inoue  et  a.(1986)  are  followed  in  this  flow  field  study. 

Secondary  flow  maps  are  shown  in  Figure  4. 
Secondary  flow  was  defined  by  a  velocity  component 
perpendicular  to  the  relative  flow  direction  given  by  the 
adequate  reference  distributions.  Figure  4  also  shows 
segments  of  dc^jdx^  0  lines  in  the  wake  region,  which 
were  determined  by  numerical  differentiation  using  the 
continuity  equation.  They  cover  the  wake  centers,  by  the 
authors'  definition.  Figure  5  shows  the  axial  velocity  plots. 

In  Figure  6,  exit  flow  angle  deviation,  pitch  angle  and 
relative  kinetic  energy  defect  factor  contour  maps  can  be 
seen  for  case  D.  These  values  are  calculated  as  follows, 
respectively  (superscript  *  denotes  reference  values): 


^ 

The  defining  expression  of  ^  had  just  the  opposite 
sign  in  Inoue  and  Kuroumaru(1984).  Axial  velocity  was 
higher  and  tangential  velocity  was  lower  than  design  in  the 
mainstream  in  their  measurements.  This  results  in  excess 
relative  velocity  (negative  energy  defect  values),  as 
published  ^  plots  of  the  above  authors  confirm  as  well. 
Since  their  definition  would  give  positive  values  for  the 
mainstream,  its  validity  is  doubtful. 

Streamwise  vorticity  was  calculated  by  numerical 
differentiation  using  the  following  eqmtion: 

+  d:rld^cosp- {d:^fdr)smp 

This  equation  is  almost  the  same  as  in  the  work  of 
Inoue  et  a.(1986)  but  here  the  part  containing  dc^/dx  had 
to  be  neglected  assuming  that  dc^ldx«QcJdr ,  as  in 
Lakshminarayana  et  a.(1995).  Streamwise  vorticities  are 
presented  in  a  form  nondimensionalized  by  2ffl,in  Figure  7. 

Tip  and  and  hub  regions  are  of  strong  vorticity.  To 
avoid  contour  line  piling  up  in  these  zones,  but  to  show 
detailed  vcaticity  structure  outside  of  them  as  well,  Fig.7  is 
prepared  for  cases  D  and  H  as  follows.  Contour  line  values 
have  a  step  of  0.2  between  the  line  of  value  1.0  near  the 
casing  wall  and  the  line  of  value  -2.0  near  the  hub  (bold 
lines).  Step  value  is  1.0  out  of  the  middle  region. 

Dotted  contour  lines  indicate  zero  values  in  Figs.  6-7. 

Results  are  discussed  separately  for  cases  DJH  and  L. 

4. 1  Operating  Point  D 

For  case  D,  Fig.4  represents  the  wake  flow,  the 
NFVO  flow,  the  passage  vortex  near  the  hub,  the  stall  at 
the  suction  side  blade  root  and  the  vortical  motion  near  the 
casing  wall.  From  this  point  on,the  lattest  will  be  compared 
to  the  leakage  vortex  observed  by  Inoue  et  a.(1986)  behind 
a  rotor  characterized  in  Table  1.  Data  of  Table  1  (and  Table 
2,  adding  that  tip  solidity  and  stagger  were  1.00  and  56.2° 
for  their  rotor,  respectively)  support  the  comparability. 
Some  discrepancy  is  shown  in  downstream  measuring 
location  (r:/^,  =0.068  for  their  published  data).  This  would 

impair  comparison  only  in  higher  solidity  cases  where  the 
vortex  reaches  the  adjacent  blade  and  starts  to  interact  with 
the  wake,  as  Inoue  and  Kuroumaru(1989)  experienced. 

A  deficiency  in  the  present  study  is  the  lack  of  inlet 
flow  data.  Meixner(1994)  measured  the  upstream  axial 
velocity  profiles  for  fans  of  non-fi-ee  vortex  design.  In  his 
experiment,  axial  uniform  inlet  condition  seemed  to  be 
closely  fulfilled  at  design  and  off-design  points  as  well. 
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Figure  4.  Secondary  flow  maps.  U{cr)  =  0.003 

C7(w„)  =0.018Mt  (component  normal  to  relative  streamline) 

Some  higher  gradients  were  present  only  in  the 
vicinity  of  the  nose  cone  and  casing  wall.  Inoue  and 
Kuroumaru(1989)  concluded  that  flow  structure  near  the 
casing  wall  does  not  change  considerably  with  the  thickness 
of  inlet  casing  wall  boimdaiy  layer.  Besides,  inlet  boundary 
layers  are  naturally  developed  (thin)  for  both  rotors  to  be 
compared.  Considering  the  above  references,  the  lack  of 
inlet  flow  measurements  is  not  critical. 

In  Fig.4,  the  drastic  suction  side  outward  NFVO  flow 
appears  to  block  the  leakage  flow.  Thus,  the  vortical  motion 
near  the  casing  wall  is  not  definitely  a  leakage  vortex. 


Figures.  c^/«t  contour  plots.  17(c^)  =  0.006 


Since  it  must  derive  rather  from  the  NFVO  flow,  it 
will  be  called  NFVO  vortex.  Minimum  and  maximum 
values  in  exit  flow  deviation  and  pitch  angles  within  the 
NFVO  vortex  agree  well  with  the  results  of  Inoue  et 
a.(1986).  However,  different  tendencies  are  observed  in  the 
vortex  regions.  In  Fig.6A,  the  range  of  high  undertuming 
does  not  include  the  tip  region  of  the  blade  wake.  This  is 
evidence  for  leakage  flow  blockage.  The  pitch  angle 
distribution  (Fig.6B)  is  highly  antisymmetric.  The  inward 
flow  is  concentrated  in  a  small  region  of  high  pitch  angle 
gradients.  Axial  velocities  in  Fig.5  show  not  a  slight  but  a 
rapid  increase  in  axial  velocity  as  one  moves  firom  the 


vortex  towards  the  pressure  side.  These  details  suggest  that 
medium  stagnates  at  the  tip  and  is  scraped  by  the  blade. 

Analzying  Figs.  4-6,  flow  phenomena  near  the  casing 
wall  can  be  described  as  follows.  The  outward  NFVO  flow 
transports  medium  to  higher  radii.  This  medium  starts  to 
interact  with  the  casing  wall  boundary  layer.  It  moves 
towards  the  pressure  side  and  rolls  up  into  the  NFVO 
vortex.  The  medium  originating  from  the  casing  wall 
boundary  layer  stagnates  at  the  blade  tip  and  is  scraped  by 
the  blade  since  the  outward  NFVO  flow  in  the  adjacent 
passage  blocks  a  possible  leakage  jet.  The  scraped  fluid  is 
connected  to  the  inward  NFVO  flow  and  is  pushed  out  of 
the  blade  passage.  The  strong  NFVO  vortex  motion  causes 
an  absolute  minimum  and  maximum  in  axial  velocity  field. 

A  consequence  of  non-free  vortex  operation  is 
inhomogeneity  in  downstream  axial  velocity.  Since  zones  of 
higher  axial  velocity  and  NFVO  flow  branches  overlap 
(Figs.  4  and  5),  one  can  conclude  that  transport  phenomena 
within  the  NFVO  flow  and  the  related  scraping  process 
cause  spanwise  change  in  axial  velocity. 

Near  the  hub,  the  passage  vortex  extends  to  the  zone 
of  inward  NFVO  flow  (Fig.  4).  High  and  disordered 
velocity  values  show  the  existence  of  a  comer  stall  at  the 
suction  side  blade  root.  The  overturning  branch  of  the 
NFVO  vortex,  the  undertuming  branch  of  the  passage 
vortex  and  the  inward  and  outward  NFVO  flow  branches 
nestle  close  to  a  small  symmetrical  zone  of  neglectable 
secondary  motion,  as  a  result  of  their  interaction. 

The  maximum  in  kinetic  energy  defect  (Fig.6/C)  and 
in  dimensionless  vorticity  (Fig.7)  within  the  NFVO  vortex 
is  in  good  agreement  with  results  in  Inoue  et  a.(1986)  and 
the  defect  structures  are  very  similar  as  well.  The  vortex 
centres  (loci  of  maximum  energy  defect)  almost  coincide. 
At  the  suction  side  blade  root,  low  energy  fluid  accumulates 
in  a  stall  zone,  cormecting  to  the  passage  vortex.  The 
overturning  zone  of  the  passage  vortex  also  accumulates 
medium  of  energy  defect,  having  a  positive  vorticity.  Fig.7 
shows  a  contra-rotating  vortex  below  the  NFVO  vortex  as 
a  result  of  its  interaction  with  the  main  stream. 

The  vorticity  in  the  wake  is  generally  negative, 
indicating  uniformly  increasing  circulation  (Fig.7),  that 
decreases  to  zero  just  near  the  tip  (positive  vorticities).  This 
suggests  that  spanwise  decrease  in  total  head  rise  to  zero 
does  not  actually  depend  on  blade  action,  it  is  mainly 
caused  by  the  secondary  flow  phenomena  near  the  casing 
wall.  Though  the  stage  performance  is  reduced,  the  blade 
acts  almost  as  if  the  reducing  effects  would  not  occur.  Thus, 
the  shaft  power  does  not  decrease  considerably. 

4.2.  Operating  Point  H 

Tendencies  established  for  case  H  differ  only  quantitatively 
from  those  for  case  D.  The  NFVO  flow  is  weaker(Fig.4). 
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Figure  6.  Exit  flow  angle  deviation  (A),  pitch  angle  (B)  and 
relative  kinetic  energy  defect  factor  (C)  plots  for  case  D. 

=  t/(y)=l°,  (7(^  =  0.05 


Thus,  the  leakage  flow  blockage  is  not  as  strong  as 
for  case  D.  (Exit  flow  angle  deviation  and  pitch  angle  plots 
not  presented  here  show  lower  gradients).  Thus,  the 
leakage  flow  and  the  NFVO  flow  roll  up  together  into  a 
combined  vortex.  Since  the  NFVO  flow  and  the  scraping  is 
weaker,  the  spanwise  change  in  axial  velocity  is  less 
(Fig.  5),  behaving  as  expected.  The  passage  vortex  starts  to 
fade  into  the  slightly  linked  branches  of  the  NFVO  flow. 
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Figure  7.  Plots  /  2a>.U{^^)  =0.5(2®) 


4.3.  Operating  Point  L 

At  the  suction  side  blade  root,  comer  stall  and 
passage  vortex  result  in  extended  zones  of  reduced  axial 
velocities  (Figs.4,5)  and  low  energy  fluid  accumulation. 
The  NFVO  flow  is  united  with  the  passage  vortex  in  closed 
loops.  In  the  upper  half-passage, a  drastic  outward  flow 
exists  as  a  result  of  a  general  loss  in  static  pressure.  The 
suction  side  loss  flow  blocks  the  leakage  flow,  causing  fluid 
stagnation  and  some  scraping  process.  A  small  portion  of 
the  suction  side  loss  flow  appears  to  start  rolling  up,  but  the 
pressure  side  loss  flow  dissipates  this  motion. 


This  dissipating  region  is  indicated  by  an  extended 
zone  of  positive  vorticity  near  the  casing  wall.  Fig.  7  does 
not  give  evidence  of  any  structured  vortical  motion.  The 
passage  vortex  core  is  represented  by  positive  vorticity, 
smoothing  to  the  comer  stall  zone  of  negative  vorticity. 

The  vorticity  in  the  wake  shows  that  the  blade  could 
still  perform  nearly  constant  total  head  rise  also  within  the 
upper  half-passage.  However,  the  aerodynamical  losses 
reduce  the  static  pressure  immediately  close  to  the  blade 
and  influence  the  whole  region  between  the  casing  wall  and 
the  radius  of  most  rapid  change  in  circulation  (minimum 
rotation  within  the  wake),  originating  the  loss  flow. 

5.  CONCLUSIONS 

1/As  our  measurements  show,  the  leakage  jet 
forming  near  the  blade  leading  edge  tends  to  be  partially 
blocked  by  the  suction  side  outward  NFVO  flow  developing 
insiHR  bladings  of  non-free  vortex  operation.  Due  to  the 
blockage,  fluid  stagnation  and  some  scraping  occurs  on  the 
tip  pressure  side.  The  blocking  and  scraping  effect 
weakens  with  blade  loeiding  reduction.  In  case  of 
downstream  flow  field  investigations,  secondary  flow  vector 
maps  must  be  completed  with  exit  flow  angle  deviation  and 
pitch  angle  contour  plots  to  demonstrate  these  tendencies. 

The  available  studies  dealing  with  non-free  vortex 
operating  rotors  generally  do  not  suggest  such  tendaicy. 
Dring  et  a.(1982).  Hunter  and  Cumpsty(1982)  and 
Goto(1992)  do  not  publish  exit  flow  angle  deviation 
distribution.  The  relatively  weak  NFVO  flow  in  Goto(1992) 
allows  the  leak^e  flow  to  dominate.  Besides,  the  tip  vortex 
observed  by  him  downstream  the  blading  seems  already  to 
interact  with  the  adjacent  blade,  making  the  assessment 
difflcult.  The  blading  studied  by  Hunter  and 
Cumpsty(1982)  produced  relatively  weak  NFVO  flow. 
Downstream  measurements  ofLakshminarayana  et  a.(1995) 
at  oflf-design  point  must  be  highly  influenced  by  the  inlet 
guide  vane  and  do  not  show  a  structured  NFVO  flow. 
However,  measurements  of  Meixner(1994)  show  some 
tendency  indicating  leakage  flow  blockage  and  stagnation. 

The  leakage  flow  blockage  raises  the  question:  are 
the  fans  producing  relatively  strong  NFVO  flow  less 
sensitive  to  tip  clearance  size  from  the  viewpoint  of  losses 
than  non-free  vortex  operating  fans?  To  answer  this 
question,  further  studies  must  be  made. 

21  Above  a  certain  threshold  in  loading,  considerable 
pressure  losses  come  into  existence.  As  a  result,  drastic 
outward  flow  forms  near  the  casing  wall,  which  restricts  the 
NFVO  flow  to  lower  radii  and  blocks  the  tip  clearance 
flow.  Near-stall  measurements  of  Inoue  et  a.(1991)  provide 
similar  secondary  flow  maps. 
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3/  For  moderate  loading,  the  NFVO  flow  and  the 
leakage  flow  can  roll  up  into  a  combined  vortex,  in  ■wiiich 
the  proportion  of  the  NFVO  flow  depends  on  the  degree  of 
the  leakage  flow  blockage  (blade  loading).  At  the  design 
point,  the  observed  vortex  behaved  similarly  to  a  leakage 
vortex  formed  in  a  free  vortex  operating  rotor  of  similar 
geometric  and  operating  parameters.  The  strong  NFVO 
vortex  motion  results  in  absolute  maximum  and  minimum 
in  axial  velocity.  The  NFVO  vortex  interacts  with  the  main 
stream  and  a  contra-rotating  vortex  comes  into  existence. 
For  high  loading,  formation  of  any  vortex  is  suppressed 
near  the  casing  wall,  due  to  the  strong  outward  loss  flow. 

4/  The  NFVO  flow  and  a  related  scraping  process  are 
responsible  for  spanwise  change  in  axial  velocity. 

5/  The  outward  and  inward  NFVO  flow  branches 
tend  to  link  and  the  passage  vortex  tends  to  fade  into  the 
NFVO  flow,  for  off-design  circumstances. 
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NOMENCLATURE 

c  =absolute  velocity  U  =uncertainty 

d  =diameter  w  =relative  velocity 

I  =blade  chord  length  x,y  =Cartesian  coordinates 
M  =torque  p  =rel.  exit  flow  angle 

=stage  total  pressure  rise  y  =pitch  angle 
Q  =volume  flow  rate  v  =kinematic  viscosity 

r  =radial  coordinate  6  =tangential  coordinate 

R  =rfr^  dimensionless  radius  p  =density 

t  =tip  clearance  a  =rotor  angular  velocity 

u  =peripheral  speed  =streamwise  vorticity 

^  =relative  kinetic  energy  defect 


=blade  tip  Reynolds  number 

=flow  rate  coefficient 

==total  pressure  rise  coefficient 

=efficiency 

SUBSCRIPTS 

c  =casing  wall 
i  =rotor  inlet 

id  =ideal 

h  =hub 
t  =blade  tip 
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INTRODUCTION 

There  is  a  lack  of  firm  conclusions  or 
recommendations  in  the  open  literamre  to  guide  laser 
velocimeter  (LV)  users  in  minimizing  the  uncertainty  of 
LV  data  acquired  in  confined  supersonic  flows  with  steep 
velocity  gradients.  This  fact  led  the  NASA  Lewis 
Research  Center  (LeRC)  in  Cleveland  (Ohio,  USA),  and 
the  Institute  of  Propulsion  Technology  of  DLR  in  Cologne 
(Germany)  to  a  joint  research  effort  to  improve  reliability 
of  LV  measurements  in  supersonic  flows.  Over  the  years, 
NASA  and  DLR  have  developed  different  expertise  in  laser 
velocimetry,  using  different  LV  systems:  Doppler  and  two- 
spot  (L2F).  The  goal  of  the  joint  program  is  to  improve 
the  reliability  of  LV  measurements  by  comparing  results 
from  experiments  in  confined  supersonic  flows  performed 
under  identical  test  conditions  but  using  two  different  LV 
systems  and  several  seed  particle  generators.  Initial 
experiments  conducted  at  the  NASA  LeRC  are  reported,  in 
this  paper.  The  experiments  were  performed  in  a  narrow 
channel  with  Mach  number  2.5  flow  containing  an  oblique 
shock  wave  generated  by  an  immersed  25-dg  wedge. 


BACKGROUND 

Laser  velocimetry  (LV)  is  approaching  the  state  of  a 
mature  experimental  technique.  Advances  in  laser  Doppler 
anemometer  (LDA)  signal  processors  allow  reliable 
measurement  of  signal  frequencies  up  to  100  MHz.  The 
advent  of  LDA  frequency-based  processors  allows 
measurements  at  poor  signal-to-noise  ratios  (SNR). 
Integrated  optics  and  fiber-optics  links  have  solved  many 
problems  in  optical  access  to  measurement  locations  in 
complicated  flow  arrangements. 

The  only  aspect  of  laser  velocimetry  that  has  not 
progressed  at  all  in  recent  years  is  the  technique  of  flow 
seeding,  which  seems  to  be  a  straightforward, 
uncomplicated  task  without  the  sophistication  of  LV  signal 
processing.  Consequently,  very  often,  not  enough 
attention  is  paid  to  flow-seeding  problems,  and  lessons 
learned  in  low-speed  subsonic  flows  are  often  directly 
applied  to  high-speed  flow  situations.  Unfortunately,  such 


an  approach  may  result  in  serious  measurement  errors  in 
high-speed  flows  with  steep  velocity  gradients. 

If  a  laser  velocimeter  system  (optics  and  electronics) 
is  viewed  as  a  black  box,  then  the  signal  generating  seed 
particles  are  the  actual  velocity  transducers.  From  this 
point  of  view,  laser  velocimetiy  (including  all  panicle 
tracing  optical  techniques)  is  unique  in  that  it  is  the  only 
experimental  technique  in  fluid  dynamics  where 
measurements  at  high  flow  velocities  are  often  carried  out 
using  "uncalibrated  transducers". 

In  theory,  the  requirements  for  seeding  in  high-speed 
flows  with  steep  velocity  gradients  are  simple:  light, 
monodispersed,  spherical  panicles  with  high  surface 
reflectivity  at  the  wavelength  of  detectable  laser  light.  The 
low  panicle  density  is  required  to  enable  panicles  to  follow 
the  rapid  flow  changes.  Monodispersity  is  crucial  for  post- 
measurement  correaions  of  recorded  velocities  to  true  flow 
velocities  and  minimizing  apparent  velocity  turbulence  in 
regions  of  steep  velocity  gradients.  High  reflectivity 
should  assure  a  good  SNR  for  the  LV  signal.  In  practice, 
however,  meeting  these  requirements  at  the  point  of 
measurement  is  very  difficult. 


SEEDING  METHODS  FOR  SUBSONIC  FLOWS 

In  subsonic  <q)plications,  seed  panicles  can  be  injected 
into  the  flow  in  solid,  liquid,  or  gaseous  forms.  The 
available  dry  powders  consist  of  polydispersed,  non- 
spherical  particles  of  relatively  high  density.  The 
mechanics  of  dry  panicle  delivery  systems  is  complicated; 
particles  tend  to  agglomerate  in  the  delivery  mechanism, 
which  results  in  clusters  of  large  panicles  injeaed  into  the 
flow.  Consequently,  the  resulting  seed  particles  follow 
flow  changes  poorly. 

From  a  practical  point  of  view,  it  is  much  easier  to 
spray  fluids  into  the  airflow  than  to  inject  powders. 
Several  well  established  methods  can  be  categorized  into 
five  groups:  (1)  spraying  a  volatile  carrier  liquid  that 
contains  solid  particles;  (2)  spraying  non-volatile  liquids 
dispersed  into  small  droplets;  (3)  atomizing  liquids  and 
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injeciing  the  mist  into  the  flow;  (4)  vaporizing 
a  liquid  and  injecting  the  resulting  fog  into  the 
flow;  and  (5)  burning  (or  reacting)  solid  or 
liquid  components  and  injecting  the  resulting 
smoke.  All  these  methods  are  used  in 
subsonic  flows  with  good  results,  however, 
the  user  must  remember  that  there  are  some 
limitations. 

The  first  method  (Group  1)  uses  a  carrier 
liquid  with  polystyrene  latex  (PSL)  spheres. 
This  approach  relies  on  evaporation  of  the 
volatile  carrier  liquid  (alcohol)  and  leaving  the 
solid  PSL  spheres  in  the  flow.  The 
evaporation  process  has  to  be  completed  in  the 
flow  ahead  of  the  point  of  measurement.  The 
major  advantage  is  that  the  resulting  seeds  are 
monodispersed  with  a  known  diameter. 

The  second  method  (Group  2,  non-volatile 
liquid  droplets)  generates  relatively  large 
polydispersed  droplets.  Various  separators  or 
impactors  are  applied  to  narrow  the  droplet 
size  range.  In  reality,  the  size  spectrum  at  the 
point  of  measurement  is  not  known  with 
sufficient  accuracy. 

The  third  method  (Group  3,  liquid 
atomizing)  generates  polydispersed  submicron- 
size  fine  droplets.  A  number  of  seeds  may  be 
below  the  detectable  size  for  LDA  systems. 
Scattered  light  from  undetectable  particles 
generates  a  high  level  of  background  noise 
that  results  in  a  significant  decrease  in  SNR. 


Figure  1.  Supersonic  wind  tunnel. 


Figure  2.  Supersonic  test  section. 


The  fourth  method  (Group  4,  vaporization 
e.g.  "theatrical  smoke")  and  the  fifth  method 
(Group  5,  brnning  products  -  smoke  bombs) 
are  used  only  marginally. 


SEEDING  IN  SUPERSONIC  FLOWS 

Several  researchers  have  experimented 
with  various  seeding  techniques  in  supersonic 
flows.  Parobek  et  al.  (1986)  and  O’Heren  et 
al.  (1983)  discussed  flow  experiments  that 
were  carried  out  in  boundary  layers  or  free 
stream  conditions  without  shocks  in  the  flow. 
The  experiment  of  Lepicovsky  et  al.  (1985) 
dealt  with  free  jets  seeded  with  aluminum 
oxide  powder.  Samimy  &  Abu-Hijleh  (1989) 
pointed  out  significant  effects  of  laser  Doppler 
velocimeter  (LDV)  system  parameters  on  the 
results  obtained  in  high-speed  flows  using 
polydispersed  seed  particles.  In  many 
instances  parameters  such  as  laser  power, 
photomultiplier  tube  (PMT)  gain,  LV 
processor  gain  and  threshold,  and  others  are 
set  subjectively  and  inconsistently,  which 
results  in  large  experimental  errors. 


Figure  3.  Supersonic  test  section. 


15.1.2. 


Inmiiively,  monodispersed  seeds  (e.g.  PSL  particles, 
Group  1)  are  the  most  suitable  ones  for  applications  in 
confmed  supersonic  flows.  It  is  our  experience,  however, 
that  the  presence  of  carrier-liquid  vapors  in  the  flow 
constimtes  a  significant  problem.  In  supersonic  flows,  due 
to  the  flow  acceleration  between  the  plenum  and  the  test 
point  conditions,  the  flow  temperature  drops  below  the 
dew  point  and  the  carrier  liquid  vapors  condense  back  on 
the  PSL  spheres.  The  process  results  in  liquid  droplets  of 
various  diameters  larger  than  the  individu^  PSL  spheres. 
The  carrier  liquid  droplets  around  the  PSL  spheres  are  then 
the  actual  signal  generators.  As  a  result,  we  may  know 
the  PSL  panicle  diameter  exactly,  but  we  do  not  know  the 
diameter  of  the  signal  generating  droplets. 

The  Group  4  and  5  methods  lead  to  different 
difficulties.  The  fourth  method  (vaporization)  often  results 
in  massive  condensation  at  the  beginning  of  the  supersonic 
velocity  region.  Frequently  the  condensate  accumulates  on 
the  test-channel  walls  and  is  driven  over  the  access 
windows.  Liquid  on  the  windows  causes  detrimental  laser 
beam  refractions ,  which  results  in  losing  the  beam 
intersection  and  measurement  volume. 

Finally,  using  the  last  method  (smoke  bombs)  leads  to 
heavy  depositions  of  soot  or  tar-like  substances  on  flow 
surfaces  and  access  windows,  resulting  very  often  in  short 
test  runs  and  costly  cleanups.  In  our  experience  these  last 
two  methods  are  not  suitable  for  confined  supersonic 
flows. 


TEST  APPARATUS 

A  supersonic  wind  tunnel  with  a  test  section  free 
stream  Mach  number  of  2.5  was  designed  and  tested  to 
provide  a  research  tool  for  development  work  on  LV  flow- 
seeding  techniques  [Bruckner  &  Lepicovsky  (1994)].  A 
schematic  diagram  of  the  tunnel  is  shown  in  Figure  1 .  The 
tunnel  consists  of  a  cylindrical  plenum  of  internal  volume 
of  1  tn^  and  an  exit  bellmouth  with  an  attached  convergent- 
divergent  nozzle,  followed  by  a  straight  duct  813  mm  long 
that  Tnaiutaiu.s  a  supersonic  flow  along  the  entire  length. 
The  nozzle  was  designed  for  Mach  number  2.5.  The 
nozzle  throat  area  is  25  by  36  mm,  resulting  in  a 
plenum/throat  contraction  ratio  of  650:1 .  A  drawing  of  the 
test  seaion  is  shown  in  Figure  2;  and  a  photograph  in 
Figure  3.  A  25-dg  wedge,  located  in  the  test  section, 
generates  an  oblique  shock  at  its  tip  followed  by  an 
expansion  fan  at  the  end  of  the  wedge.  The  wedge  is 
21  mm  wide.  There  is  a  7.5  mm  gap  between  the  side 
walls  and  the  wedge. 

The  LV  system  used  in  this  study  is  a  two-component, 
backscatter  system  assembled  from  DANTEC  and  TSI 
optical  components.  The  system  uses  a  Coherent  Ar-Ion 
laser  operated  at  total  power  of  2  W;  the  receiving  optics 
has  an  f-number  of  2.5  and  a  focal  length  of  250  mm;  the 
fringe  spacing  for  channel  1  (green)  is  11.16  (im  and 
10.78  im  for  channel  2  (blue);  the  diameter  of  the 


measurement  volume  is  120  nm.  A  TSI  IF750  processor 
collected  the  LV  data. 

The  flow  was  seeded  in  the  plenum,  ahead  of  the 
supersonic  nozzle  and  the  test  section.  Location  of  the 
seeding  sprayers  or  tubes  is  depicted  separately  for  each 
case  described. 

A  schematic  diagram  of  the  flow  structure  generated 
in  the  test  section  by  the  insened  wedge  is  in  Figure  4. 
The  coordinate  system  used  in  the  experiments  is  depicted 
in  Figure  5. 


EXPANSION  f AN 


Figure  4.  Shock  wave  structure. 


Figure  5.  Test  coordinate  system. 


RESULTS  AND  ANALYSIS 

Three  sets  of  results  in  this  paper  summarize  the  initial 
experiments  conducted  on  Group  1  to  3  seeders  at  NASA 
LeRC.  Each  set  consists  of  plots  of  velocity,  velocity- 
angle  distributions,  and  velocity  histogram  data.  There  is 
also  a  sketch  for  each  particular  seeding  configuration. 
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Velocity  and  velocity-angle  plots  show  variations  over  the  pressure  close  to  the  wedge  tip.  In  the  velocity  histogram 
oblique  shock  and  expansion  fan  region.  The  velocity  plots,  the  data  is  shown  for  both  velocity  components  at 

based  on  pressure  measurements  and  1-D  theory  of  several  axial  positions  in  the  investigated  region, 

compressible  flow  is  also  shown  in  the  plots.  The  tunnel 

velocity  ahead  of  the  shock  wave  was  determined  from  the  The  first  set  of  data  (Figures  6  to  9)  shows  the  results 

plenum  total  pressure  and  temperature  and  wall  static  using  the  NASA  seeder  with  polystyrene  latex  particles 

(PSL)  suspended  in  alcohol.  The  PSL 
particle  diameter  was  1.1  y.m.  This  seeder 
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Figure  6.  Velocity  distribution  (Seeder  A3). 
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Figure?.  Flow  angle  distribution  (Seeder  A3). 


Figure  8.  Test  configuration  (Seeder  A3). 
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fits  the  Group  1  description  presented  above. 
As  seen  from  the  velocity  and  velocity-angle 
distributions  (Figures  6  and  7),  the  seeded 
particles  follow  the  flow  changes  extremely 
poorly.  The  seeder  sprayer  injects  the 
alcohol/particle  mixture  perpendicular  to  the 
flow  (Figure  8,  Seeder  A3).  It  must  be 
stressed  here  that  no  differences  appeared 
whether  the  seeding  was  with  an  alcohol/PSL 
mixture  or  with  pure  alcohol  only. 
Obviously,  the  LV  signal  was  generated  by 
alcohol  droplets  only  and  the  droplets  may  or 
may  not  have  contained  the  PSL  particles 
inside .  Consequently ,  the  assumption  that  the 
carrier  liquid  evaporates  and  the  PSL  particles 
will  generate  the  LV  signal  is  not  valid  here. 
This  is  a  textbook  example  of  possible  large 
errors  in  LV  data  if  users  extrapolate 
experiences  from  subsonic  to  supersonic  laser 
velocimetry.  The  plots  in  Figures  6,7,  and  9 
are  for  pure  alcohol  only.  The  histograms  in 
Figure  9  show  a  single  peak  behind  the 
oblique  shock  for  both  channels,  which  may 
indicate  more  or  less  uniform  diameter  for  all 
the  droplets.  There  was  no  visible 
contamination  of  the  window  in  the  shock 
region  for  pure  alcohol.  For  the  mixture 
alcohol/PSL,  a  noticeable  window 
contamination  with  the  PSL  particles  was 
observed  in  the  wedge  region. 

There  is  an  interesting  detail  in  the 
expansion  fan  region.  For  the  case  of  volatile 
fluid  (pure  alcohol),  the  velocity  recovery 
behind  the  expansion  fan  is  clearly  noticeable. 
Further,  the  histograms  for.  this  region 
at  =  20  and  22  exhibit  two  peaks.  This 
may  indicate  changes  in  diameter  for  some 
droplets  in  the  region  between  the  shock  and 
the  fan. 

The  second  set  of  dau  (Figures  10  to  13) 
was  acquired  using  a  seeder  equipped  with  a 
Laskin  nozzle  generating  oil  dr^lets  (glycol). 
This  seeder  belongs  in  Group  2  as  outlined 
above.  Detailed  description  of  the  seeder  is 
given  by  Rabe  &  Sabroske  (1994).  The 
seeder  performed  very  well  in  subsonic 
applications  [Rabe  &  Sabroske  (1994)], 
however,  in  our  particular  case  the 
performance  was  not  satisfactory.  The 
velocity  and  velocity-angle  distribution  plots  in 
Figures  10  and  1 1  indicate  that  here  again  the 
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=  iO  and  12  and  single  peak 
histograms  on  channel  2.  Tliewo- 
peak  histograms  cannot  be 
attributed  to  oblique  shock  wave 
oscillations.  It  seems  that  the  left 
peak  on  channel  1  migrates  to  a 
lower  velocity  region  faster  than 
the  right  peak  with  increasing 
distance  from  the  shock.  A 
possible  explanation  is  that  the 
seeder  generates  ’two  groups’  of 
droplets  of  different  mean 
diameters. 

The  third  set  (Figures  14  to  16) 
shows  the  results  for  a  seeder  based 
on  the  TSI  six  jet  atomizer.  The 
seeder  belongs  to  Group  3.  The 
seeds  were  injected  in  the  flow  in 
the  same  way  as  shown  in 
Figure  12.  The  velocity  and  angle 
distributions  indicate  satisfactory 
agreement  with  expected  flow 
velocity  and  angle  variations. 
Generdly,  the  results  are  good; 
however,  some  problems  are  not 
yet  fully  understood.  First,  when 
we  used  pure  alcohol  in  the 
atomizer,  no  LV  velocity  data  were 
recorded;  the  PMT  signal  contained 
only  noise.  This  indicates  that  the 
size  of  the  seeds  was  below  the 
detection  limit.  Then,  PSL 
panicles  of  1.1  ym  in  diameter 
were  mixed  with  alcohol.  The  data 
in  Figures  14  through  16  were 
acquired  for  the  alcohol/PSL 
mixture.  Even  after  adding  the 
PSL  panicles,  we  still  could  not 
detect  any  data  in  front  of  the 
shock  wave  (very  low  SNR); 
however,  behind  the  shock  there 
was  a  strong  LV  signal.  A  very 
sharp  and  repeamble  divide 
appeared  to  be  at  x-^  =  9,  just 
past  the  oblique  shock.  The  sharp 
divide  indicates  a  sudden  change  in 
the  seed  visibility  (increased  SNR). 


Figure  9.  Velocity  histograms  (Seeder  A3).  At  this  point,  we  can  only 

speculate  on  the  physics  behind 
these  observations.  A  sudden 


seeder  produced  oil  droplets  that  follow  the  flow  changes 
poorly.  The  position  of  the  seeder  delivery  tube  is  shown 
in  Figure  12.  A  glance  at  velocity  and  angle-distributions 
reveals  that  there  is  barely  any  improvement  over  the 
results  from  the  first  set.  The  velocity  histogram  plots 
(Figure  13)  show  deterioration  of  the  LV  signal  in  the 
shock  wave  region  (there  was  noticeable  contamination  on 
the  inside  of  the  window  at  —  6  and  S).  After  the 
shock,  there  are  dual-peak  histograms  on  channel  1  for 


increase  in  visibility  can  be  caused  by  several  factors  such 
as  increased  particle  size  or  drop  in  the  background  noise 
or  increased  particle  surface  reflectivity.  There  is  also  a 
possibility  of  coalescence  of  particles  behind  the  shock. 
The  effect  of  agglomerating  submicron  particles  into  larger 
droplets  behind  the  shock  would  be  twofold.  First,  it 
would  lead  to  a  larger  diameter  in  the  resulting  droplets; 
second,  it  would  lower  the  background  noise  radiation  by 
reducing  the  population  of  fine  submicron  particles.  In 
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Figure  10.  Velocity  distribution  (Seeder  Bl). 
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Figure  11.  Flow  angle  distribution  (Seeder  Bl ). 


CONCLUSIONS 

The  study  demonstrated  the  possibility  of 
large  experimental  errors  in  LV  data  acquired 
in  confmed  supersonic  flows  with  shock  wave 
structures.  The  lessons  learned  about  flow 
seeding  at  subsonic  velocities  cannot  be 
blindly  applied  to  supersonic  flow  conditions. 
Because  our  knowledge  about  seeding  for 
confined  supersonic  flows  is  not  adequate,  we 
recommend  always  arranging  for  a  pilot 
experiment  using  a  wedge  shock  generator  to 
test  particle  response  at  the  point  of 
measurement.  Of  course,  the  pilot  tests 
should  be  run  at  the  actual  flow  conditions  of 
the  desired  experiment,  using  the  actual 
seeding  technique.  The  settings  of  the  LV 
system  should  be  maintained  between  the  pilot 
study  and  acmal  testing.  It  is  our  experience 
that  the  experimenter  should  rely  on  a  tested 
seed-panicle  response  at  particular  flow 
conditions  rather  than  rely  on  knowledge  of 
seed  particle  sizes  acquired  by  other  means 
e.g.  out  of  flow  particle  sizers. 
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ABSTRACT 

A  method  has  been  developed  for  generating 
repeatable,  localized,  controlled  perturbations  by 
photoionizing  air  using  the  focused  beam  from  a 
frequency-doubled  Nd:YAG  laser.  Characterization  of  the 
perturbation  is  ongoing  in  the  Mach  4  low-noise 
environment  of  the  Purdue  University  Quiet-Flow  Ludwieg 
Tube.  Constant  temperature  anemometer  measurements 
reveal  that  the  perturbation  convects  at  the  ffeestream 
velocity  of  the  facility  and  has  a  diameter  of  approximately 
5  mm  while  in  the  nozzle  and  test  section.  Application  of 
the  perturbation  to  the  flowfield  around  a  forward  facing 
cavity  has  revealed  the  existence  of  a  receptivity 
mechanism  in  the  form  of  a  resonance  of  the  subsonic 
region  near  the  stagnation  point. 

1.  INTRODUCTION 

Understanding  how  the  boundary  layer  transitions 
from  laminar  to  turbulent  flow  is  critical  for  the  accurate 
prediction  of  skin  friction  and  heat  transfer 


on  supersonic  vehicles.  As  reviewed  in  papers  by 
Reshotko  (1994)  and  Bushnell  (1989),  disturbances  which 
facilitate  the  transition  process  are  introduced  into  the 
boundary  layer  from  both  external  and  surface  sources. 
The  former  include  acoustic  waves,  particles,  and 
freestream  variations  in  vorticity  and  entropy.  Receptivity 
describes  the  signature  of  externally-originating 
disturbances  in  the  boundary  layer,  and  the  resulting 
response  of  the  instability  modes.  The  response  of  the 
boundary  layer  to  a  controlled  perturbation  originating  in  a 
low-disturbance  freestream  environment  must  be  studied  to 
obtain  unambiguous  information  on  the  boundary-layer 
receptivity.  Accurate  interpretation  of  such  information 
will  represent  a  significant  advancement  in  understanding 
the  physics  of  transition. 

Currently,  the  receptivity  of  the  boundary  layer  on  a  4: 1 
elliptic  cross-section  cone  is  being  studied  in  the  Purdue 
University  (Juiet-Flow  Ludwieg  Tube.  Controlled 
disturbances  are  applied  to  the  quiet-flow  environment  of  the 
Ludwieg  tube  through  introduction  of  a  localized,  laser¬ 
generated  perturbation.  The  perturbation,  which  is  a  region 
of  hot  air,  and  its  motion  in  the  flowfield  are  shown 
schematically  in  Fig.  1 . 


Laser  Beam 


Instability  Waves  Grow  and 
Transition  to  Turbulence 


Fig.  1.  Schematic  of  perturbation  application 
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2.  AN  OPTICALLY-GENERATED  PERTURBATION 

Controlled  perturbations  are  produced  by 
photoionizing  the  air  with  a  laser  focused  at  the  desired 
origin  of  the  disturbance.  As  reported  by  Zel’dovich  and 
Raizer  (1966),  although  air  is  transparent  at  lower 
intensities,  there  exists  a  threshold  intensity  above  which  a 
multi-photon  absorption  process  can  produce  ionization. 
As  seen  in  Fig.  1,  the  initial  disturbance  consists  of  a 
plasma  core  surrounded  by  a  region  of  non-ionized  air  and 
the  shock  wave  produced  during  ionization.  After  the  end 
of  the  laser  pulse,  the  plasma  core  relaxes  and  remains  as  a 
region  of  hot  recombined  gas,  referred  to  as  the  thermal 
spot.  As  shown  in  the  earlier  work  of  McGuire  (1994),  the 
thermal  spot  does  not  expand  as  rapidly  as  the  shock  does. 
Instead,  the  thermal  spot  convects  with  the  local  velocity  of 
the  flowfield  and  forms  the  portion  of  the  disturbance 
useful  as  a  local  perturbation.  The  shock  wave  weakens 
and  approaches  a  spherical  shape  with  increasing  distance 
from  the  plasma  core  as  reported  by  McGuire  (1994). 

The  formation  of  the  disturbance  relies  on  the 
intensity  (average  power  per  unit  area  in  the  focal  region) 
of  the  laser  pulse.  Thus,  both  the  energy  in  the  laser  pulse 
and  the  size  of  the  focus  affect  the  ionization  process.  A 
minimum  intensity,  known  as  the  threshold  intensity,  is 
required  to  initiate  ionization.  (Zel’dovich  and  Raizer 
(1966),  McGuire  (1994),  Armstrong,  et  a.  (1983))  The 
intensity  threshold  varies  with  the  gas  pressure  as 
a 

I^  =  B  P  where  is  the  threshold  intensity,  B  is  a 
constant  which  accounts  for  the  efficiency  of  the  energy 
coupling  from  the  laser  pulse  to  the  air,  and  P  is  the 
pressure.  Dewhurst  (1978)  reported  a  value  for  a  of  -0.55 
for  nitrogen  and  oxygen  while  McGuire  (1994)  reported  a 
value  of  -0.60  for  air.  Once  the  intensity  threshold  for  the 
onset  of  ionization  has  been  surpassed,  increasing  intensity 
results  in  increasingly  strong  perturbations  as  measured  by 
shock  wave  strength.  (McGuire  (1994)) 


A  frequency-doubled  Nd:YAG  laser  is  operated  at  a 
pulse  rate  of  10  Hz  with  a  wavelength  of  532  nm.  The 
laser  is  injection-seeded  to  narrow  the  line  width,  which 
also  smoothes  the  pulse  shape  in  time.  This  was  found  by 
McGuire  (1994)  to  significantly  increase  the  shot-to-shot 
repeatability  of  the  perturbation  over  unseeded  operation. 
The  pulse  duration  is  approximately  7  ns  with  a  maximum 
pulse  energy  near  260  mJ.  The  beam  diameter  is 
approximately  8  mm  at  the  laser  head  with  a  90%  fit  to 
Gaussian  in  the  nearfield  and  95%  fit  to  Gaussian  in  the 
farfield  when  injection-seeded,  as  quoted  by  the 
manufacturer.  Variation  in  the  injection- seeded  pulse 
energy  has  been  measured  to  be  around  3%  over  a  duration 
of  several  minutes  as  reported  by  Schneider,  et  a.  (1995). 

A  schematic  of  the  optical  system  is  shown  in  Fig.  2. 
To  prevent  back  reflections  off  the  test  section  windows 
from  damaging  optics,  the  focusing  beam  is  tilted  5  degrees 
from  the  window  normal.  The  tilt  increases  aberrations, 
but  not  sufficiently  to  hinder  system  performance.  Several 
focusing  lenses  were  damaged  by  back  reflections  before 
the  system  tilt  was  incorporated.  The  system  consists  of  a 
-38  mm  focal  length  plano-concave  singlet  and  two  150 
mm  focal  length  air-spaced  doublets.  The  negative  lens 
and  the  first  doublet  form  a  beam  expander  which  expands 
the  original  beam  diameter  by  a  factor  of  four,  from  8  mm 
to  32  mm.  The  second  doublet  focuses  the  collimated 
beam  into  the  test  section.  The  focusing  lens  has  an  F/#  of 
5.  Using  commercial  optical  design  software,  the  diameter 
of  the  focused  beam  was  determined  to  be  0.02  mm.  For 
comparison,  the  diffraction  limited  spot  diameter  is  0.002 
mm. 

Initially,  difficulty  was  encountered  in  maintaining 
the  position  of  the  perturbation  within  the  test  section. 
Since  the  Ludwieg  Tube  is  subject  to  axial  forces  (i.e. 
recoil  and  vacuum  forces)  during  the  operation  of  the 
facility,  the  optical  system,  which  is  bolted  to  the  test 
section,  occasionally  shifts  by  several  millimeters  with 
respect  to  the  laser  beam.  Adjusting  the  mirrors  to  recenter 


Fig.  2.  Optical  system  for  generating  perturbations  in  the  Ludwieg  tube 
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the  beam  in  the  lenses  changes  the  position  of  the 
perturbation.  This  problem  is  alleviated  by  imaging  the 
perturbation  as  the  beam  passes  out  of  the  test  section.  A 
one-to-one  imaging  system,  consisting  of  a  pair  of  75  mm 
focal  length  singlets,  is  installed  on  the  same  support 
bracket  holding  the  perturbation  optics  but  on  the  opposite 
side  of  the  test  section  (Fig.  2).  The  perturbation  location 
is  repeated  inside  the  test  section  by  adjusting  the  spot¬ 
generating  optics  before  the  run  so  that  the  image  of  the 
perturbation  is  at  a  fixed  position  on  a  screen  outside  the 
test  section. 


3.  THE  PURDUE  QUIET-FLOW  LUDWIEG  TUBE 

Supersonic  quiet-flow  facilities  with  freestream  noise 
levels  an  order  of  magnitude  less  than  those  in  conventional 
facilities  are  a  relatively  recent  development.  (Beckwith,  et  a. 
(1990),  Schneider  and  Haven  (1995))  It  is  critical  to 
maintain  laminar  boundary  layers  in  quiet-flow  nozzles  since 
turbulent  boundary  layers  radiate  acoustic  noise  into  the  test 
core.  Major  features  of  most  quiet-flow  facilities,  designed 
to  prevent  the  introduction  of  instabilities  into  the  nozzle, 
include  the  following  (Fig.  3) : 

1)  Flow  entering  the  nozzle  is  low-noise 

2)  Test  gas  is  filtered  to  keep  particles  out  of  the  nozzle 

3)  Nozzle  surface  finishes,  especially  in  the  throat,  are  kept 
exceptionally  smooth. 

The  useful  portion  of  the  flowfield  is  known  as  the  quiet-flow 
test  core.  The  characteristics  marking  the  onset  of  uniform 
supersonic  flow  form  the  upstream  boundary  of  the  quiet- 
flow  test  core  while  the  characteristics  originating  at  the 
location  where  turbulence  begins  in  the  wall  boundary  layer 
form  the  downstream  limit.  Greater  test  core  lengths  are 
obtained  by  delaying  transition  in  the  wall  boundary  layers. 


Noisy  Flow 
Region 


Fig.  3.  Schematic  of  the  Purdue  Quiet-Flow  Nozzle, 
(courtesy  D.  W.  Ladoon) 


The  Purdue  (^uiet-Flow  Ludwieg  Tube  is  a  long  pipe 
called  a  driver  tube  with  a  converging-diverging  nozzle  on 
the  end.  The  Purdue  facility  is  based  on  a  0.305  m  dia.  driver 
tube  that  is  20.7  m  long.  A  smooth  contraction  tapers  from 
the  driver  tube  to  the  nozzle  throat,  which  is  followed  by  the 
96  X  109  mm  Mach  4  rectangular  nozzle.  The  nozzle,  shown 
schematically  in  Fig.  3,  is  polished  to  a  surface  smoothness 
of  25-50  pm  in  the  throat  region.  Optical  access  is  provided 
by  76  mm  dia.  windows  in  the  flat  sidewalls.  From  the 
nozzle,  flow  exits  into  a  test  section,  diffuser  and  vacuum 
tank.  A  diaphragm  between  the  diffuser  and  the  vacuum  tank 
separates  the  high-pressure  test  air  from  the  evacuated 
vacuum  tank.  Supersonic  flow  in  the  nozzle  is  initiated  when 
the  diaphragm  is  broken  and  the  resulting  expansion  wave 
moves  upstream  into  the  driver  tube.  Total  pressure 
fluctuations  in  the  nozzle  are  approximately  0.06  percent  for 
driver  tube  pressures  less  than  103  kPa.  A  detailed 
description  of  the  facility  is  given  by  Schneider  and  Haven 
(1995). 

Although  the  reflected  expansion  wave  passing  through 
the  driver  tube  causes  a  change  in  stagnation  conditions, 
supersonic  flow  persists  until  the  pressure  ratio  is  insufficient 
for  sustaining  shock-free  flow  through  the  nozzle.  Thus, 
although  the  stagnation  conditions  (  and,  hence,  Reynolds 
numbers)  are  constantly  decreasing,  numerous  brief  segments 
of  high-quality  constant-condition  flow  are  obtained  between 
passages  of  the  reflected  expansion  waves.  (Schneider,  et  a. 
(1994))  For  this  experiment,  stagnation  (driver  tube) 
pressures  were  typically  around  99  kPa  while  the  stagnation 
temperatures  were  21-27  degrees  Celsius.  Initial  freestream 
unit  Reynolds  numbers  were  approximately  4.5  million  per 
meter. 


4.  INSTRUMENTATION 

Measurements  of  the  convecting  thermal  spot  are 
made  with  a  constant  temperature  anemometer  (CTA),  the 
TSI  IFA  1(K),  using  the  standard  bridge  with  no  signal 
conditioning.  The  hot  wire  sensing  element  is  a  0.0038 
mm  diameter  tungsten  wire  mounted  between  two  0.076 
mm  dia.  needles  spaced  0.51  mm  apart.  The  typical  fre¬ 
quency  response  of  the  wire  is  around  120  kHz,  operating 
at  an  overheat  ratio  of  approximately  1.7.  The  sting- 
mounted  hot-wire  probes  are  positioned  in  the  flowfield 
with  a  traverse  which  allows  the  sensor  to  be  moved  both 
vertically  and  in  the  streamwise  direction  along  the 
transverse  centerline  of  the  test  section. 

The  output  bridge  voltage  is  sampled  at  rates  between 
250  kHz  and  10  MHz  in  both  continuous  and  segmented 
data  records  using  LeCroy  9304AM  digital  oscilloscopes. 
The  continuous  data  records  contain  250,000  points  sam¬ 
pled  between  50  and  250  kHz  while  the  segmented  records 
consist  of  50  segments  of  5,000  points  sampled  at  rates 
between  1  and  10  MHz.  Each  segment  in  the  segmented 
data  sets  is  triggered  from  the  synch  pulse  generated  by  the 
laser  Q-switch  circuit. 


15.2.3. 


5.  RESULTS 

5.1  Freestream  Measurements  of  the  Thermal  Spot 

The  first  CTA  bridge  response  to  passage  of  the 
thermal  spot  after  supersonic  quiet-flow  begins  is  shown  in 
Fig.  4  for  four  different  tube  runs.  Since  the  quiet  portion 
of  the  run  is  approximately  four  seconds  in  duration  and 
the  laser  operates  at  10  Hz,  about  40  thermal  spot  passages 
are  recorded  in  a  single  mn.  The  data  in  Fig.  4  were 
collected  at  the  same  vertical  traverse  location,  near  the 
thermal  spot  centerline,  with  varying  streamwise  distances 
from  the  thermal  spot  origin.  The  distance  from  the 
perturbation  origin  to  the  hot-wire  is  shown  near  the  arrow 
which  signifies  the  approximate  beginning  of  the  thermal 
spot  passage  over  the  hot-wire.  To  facilitate  comparison, 
the  undisturbed  voltage  has  been  subtracted  from  each 
signal.  Driver  tube  pressures  and  temperatures  were 
around  99  kPa  and  22-24  C  while  the  laser  energy  was 
approximately  227  mJ/pulse.  The  initial  decrease  in  bridge 
voltage  located  at  time  =  0  (when  the  laser  fires)  is  noise 
associated  with  the  radio  frequencies  produced  when  the 
gas  is  ionized.  A  second  larger  voltage  decrease,  beginning 
about  21  ps  after  the  laser  fires  for  the  case  where  the  hot 
wire  was  15  mm  from  the  perturbation,  corresponds  to  the 
passage  of  the  thermal  spot.  Calculation  of  the  thermal 
spot  convection  velocity  using  the  time  to  peak  bridge 
response  at  several  streamwise  locations  indicates  that  the 
perturbation  moves  at  the  facility  freestream  velocity, 
around  680  m/s. 

The  entire  set  of  segments  collected  during  the  quiet 
portion  of  a  single  run  is  plotted  in  Fig.  5.  Each 


Fig.  4.  CTA  response  to  thermal  spot  at  four  streamwise 
positions.  Responses  shown  are  the  first  response  after 
quiet-flow  is  initiated.  The  hot-wire  distance  from  the 
perturbation  origin  is  noted  next  to  the  arrow  which 
indicates  the  begiiming  of  the  CTA  response. 


segment  is  triggered  by  the  synch  output  of  the  laser  Q- 
switch  (10  Hz).  Due  to  pre-triggering  of  the  oscilloscope 
the  first  segment  collected  after  flow  was  initiated  is 
segment  number  11.  This  is  the  same  segment  plotted  in 
Fig.  4  for  the  response  a  distance  of  15  mm  from  the 
perturbation  origin.  As  seen  in  Fig.  5,  the  thermal  spot  is 
consistently  formed  with  every  laser  pulse  until  the  end  of 
the  data  acquisition.  Note  that  the  amplitude  of  the  CTA 
response  decreases  during  the  run.  This  amplitude 
attenuation  is  presumed  to  be  due  to  a  reduction  in  the 
energy  transferred  from  the  laser  to  the  gas  as  the 
freestream  density  decreases  during  the  mn.  For  some  mns 
the  spot  is  not  formed  in  the  last  few  segments  of  the  mn  as 
the  freestream  density  drops  below  the  threshold  required 
for  ionization  at  the  laser  energy  of  224  mJ/pulse. 

Although  the  CTA  response  to  individual  thermal 
spots  varies  by  5-10%,  presumably  due  to  shot-to-shot 
variations  in  the  laser,  the  average  response  over  the  first 
ten  segments  is  consistent  for  similar  driver  tube  conditions 
and  laser  pulse  energies.  The  CTA  response  averaged  over 
the  first  ten  segments  is  shown  in  Fig.  6  for  the  data 
collected  during  three  separate  tube  firings.  Driver  tube 
conditions  and  laser  pulse  energies  were  similar  to  those 
for  Fig.  4.  To  facilitate  comparison,  the  mean  bridge 
voltage  before  the  introduction  of  the  perturbation  has  been 
subtracted.  As  seen  in  Fig.  6,  the  shape  of  the  hot-wire 
response  to  the  thermal  perturbation  is  similar  in  all  three 
traces.  The  rms  of  the  three  peaks  is  about  10  percent  of 
the  mean,  as  shown  on  the  figure.  Although  three  traces  is 
not  a  statistically  significant  sample,  it  appears  that  the 
thermal  spot  is  sufficiently  repeatable  for  application  as  a 
localized  perturbation. 


Note:  Each  trace  is  offset  0.05  V  above  the  preceding  trace 


Fig.  5.  All  data  segments  after  the  onset  of  quiet-flow  for  a 
single  mn. 
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By  vertically  traversing  the  hot  wire  the  profile  of  the 
convecting  thermal  spot  has  been  determined.  Three- 
dimensional  plots  of  the  averaged  response  of  the  hot-wire 
to  the  first  ten  thermal  spot  passages  are  shown  in  Fig.  7 
for  multiple  vertical  locations  at  distances  of  15  and  66  mm 
downstream  from  the  spot  origin.  The  sign  of  the  voltage 
has  been  changed  to  facilitate  viewing  the  traces.  All  data 
in  Fig.  7  were  collected  at  ambient  driver  tube  conditions 
(P  -  98.6  kPa,  T  =  21-27  C)  with  the  laser  pulse  energy 
between  220  and  225  mJ/pulse.  Using  the  convection 
velocity  of  677  m/s,  the  time  signal  has  been  transformed 
to  a  length  scale.  The  vertical  dimension  is  the  distance 
from  the  approximate  spot  center.  The  nonuniform  vertical 
increments  between  traces  are  due  to  the  data  collection 
process.  Although  the  shape  of  the  convecting  perturbation 
may  be  roughly  determined  by  inspection  of  the  traces  in 
Fig.  7,  the  contour  plots  of  constant  voltage  shown  in  Fig. 
8  are  more  useful  in  this  regard. 

From  inspection  of  Figs.  7  and  8,  the  thermal  spot 
exhibits  little  change  in  the  brief  time  required  for 
convection  between  the  two  streamwise  survey  positions. 
Similar  observations  of  relatively  slow  thermal  spot  growth 
were  made  by  McGuire  (1994)  on  the  benchtop.  Visual 
inspection  of  Fig.  8  indicates  that  the  full-width-at-half- 
maximum  spot  diameter  is  approximately  5  mm  in  the 
streamwise  direction  at  both  survey  positions.  The  vertical 
diameter  is  roughly  4-5  mm  at  the  survey  location  15  mm 
from  the  origin  and  slightly  smaller,  approximately  3  mm, 
66  mm  from  the  origin.  At  the  downstream  (66  mm) 
location  the  hot-wire  peak  response  to  the  spot  passage  is 
diminished,  which  may  be  due  to  the  cooling  of  the  thermal 
spot.  With  respect  to  the  vertical  width,  the  effective  length 
of  the  spot  in  the  freestream  direction  appears  elongated 
due  to  the  limited  frequency  response  of  the  hot  wire.  This 
bandwidth  limitation  may  contribute  to  the  apparent 
constant  streamwise  length  of  the  passing  thermal  spot. 
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Fig.  6.  Averaged  CTA  response  to  the  first  ten  thermal 
spot  passages  after  quiet-flow  is  initiated.  The  fluctuations 
after  the  peak  in  the  trace  for  Sep.  17  #  4  are  due  to  a  single 
noisy  data  segment.  Note  that  the  mean  voltage  before 
introduction  of  the  perturbation  has  been  removed  to 
facilitate  comparison. 


Fig.  7.  Average  CTA  response  to  the  first  ten  thermal  spot 
passages  at  several  vertical  positions. 


Streomwise  Extent  (mm) 

Fig.  8.  Contours  of  constant  CTA  bridge  voltage  at  two 
streamwise  distances  from  the  perturbation  origin.  The 
mean  voltage  before  the  introduction  of  the  thermal  spot 
has  been  removed  to  examine  the  effects  of  the  thermal 
spot  passage. 
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Finally,  although  only  uncalibrated  results  have  been 
shown  in  this  paper,  ongoing  efforts  are  being  made  to 
calibrate  the  response  of  the  CTA  to  the  thermal  spot 
passage.  Calibration  of  the  hot-wire  response  has  been 
complicated  by  the  substantial  temperature  rise  associated 
with  the  thermal  spot  passage.  The  resulting  change  in 
effective  overheat  ratio  during  the  thermal  spot  passage 
prevents  calibration  of  the  bridge  response  using  a  simple 
mass  flux  vs.  CTA  voltage  output  technique.  Alternative 
data  reduction  techniques  are  currently  being  examined. 

5.2  Application  to  Nose-cavity  Flowfield 

The  combination  of  the  thermal  spot  perturbation  and 
the  quiet  flowfield  of  the  Ludwieg  Tube  has  produced 
unambiguous  measurements  of  receptivity  effects  in  the 
subsonic  nose  region  of  the  flowfield  around  a  forward¬ 
facing  cavity.  A  schematic  of  the  model  is  shown  in 
Fig.  9.  A  Kulite  dynamic  pressure  transducer  is  located  in 
the  nose  of  the  model  in  a  movable  plug  which  forms  the 
base  of  the  cavity.  The  response  to  the  introduction  of  the 
thermal  spot,  shown  in  Fig.  10,  consists  of  a  ringing  of  the 
subsonic  region  in  the  cavity  after  the  delta-function-like 
passage  of  the  perturbation.  The  variation  of  ringing 
frequency  and  oscillation  decay  as  a  function  of  the  cavity 
length  to  depth  ratio  is  the  topic  of  current  work  by 
Ladoon,  et  a.  (1997).  The  resonance  of  the  subsonic  nose 
region  clearly  demonstrates  a  receptivity  mechanism 
present  in  the  flowfield.  The  detection  of  such  a 
mechanism  without  ambiguity  is  made  possible  by  the 
application  of  the  thermal  spot  perturbation  to  the  quiet 
flowfield. 


Fig.  10.  Typical  cavity  base  pressure  trace  showing  cavity 
resonance  induced  by  the  thermal  spot  perturbation.  L/D  = 
1.064  (Ladoon,  et  a.  (1997)) 


6.  SUMMARY 

A  repeatable  method  of  generating  controlled 
perturbations  in  supersonic  flowfields  using  the  focused 
beam  from  a  Nd;YAG  laser  to  locally  ionize  the  air  has 
been  developed.  Characterization  of  the  perturbation  is 
ongoing  in  the  Purdue  University  Quiet  Flow  Ludwieg 
Tube.  The  thermal  spot  generated  by  the  perturbation 


Fig.  9.  Schematic  of  the  forward  facing  cavity  model.  (Ladoon,  et  a.  (1997)) 
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convects  at  the  freestream  velocity  of  the  facility  and  has  a 
diameter  of  approximately  5  mm  while  in  the  nozzle  and 
test  section.  Application  of  the  perturbation  to  the 
flowfield  around  a  forward-facing  cavity  has  revealed  the 
existence  of  a  receptivity  mechanism  in  the  form  of  a 
resonance  of  the  subsonic  region  near  the  stagnation  point. 
The  thermal  perturbation  is  currently  being  applied  to 
receptivity  experiments.  Potential  applications  include 
velocity  measurement  in  hypersonic  facilities  and  use  as  a 
plasma  generator  for  the  study  of  plasma  dynamics  in 
supersonic  flowfields. 
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Abstract 

Using  the  PHANTOMM  flow  tagging  technique  we  obtain 
quantitative  measmements  of  velocity  as  well  as  visualiza¬ 
tions  similar  to  those  obtained  with  standard  laser  sheet 
fluorescence  techniques  of  the  flow  in  a  cylinder  driven  by 
a  rotating  end  wall.  In  addition,  the  axisymmetric  Navier- 
Stokes  equations  are  solved  numerically  using  a  vorticity- 
stream  function  formulation.  The  computed  flow  is  com¬ 
pared  to  measurements  in  order  to  evaluate  and  validate 
the  PHANTOMM  technique  so  that  one  can  be  confident 
of  measurements  in  flow  regimes  where  accurate  compu¬ 
tations  are  not  available. 

1  Introduction 

The  phenomena  of  vortex  breakdown  has  been  the  sub¬ 
ject  of  much  attention  because  of  its  practical  importance 
in  many  different  situations,  as  well  as  its  attraction  as  a 
fundamental  problem  in  fluid  mechanics.  Experiments  by 
Vogel  [13,  14]  showed  that  the  flow  produced  by  a  rotating 
end  wall  inside  a  closed  cylindrical  container  can  undergo 
vortex  breakdown  under  certain  conditions.  Only  two  non 
dimensional  parameters,  the  aspect  ratio  ^  =  ■§  and  the 
Reynolds  number  Re  =  completely  determine  the 

flow  in  this  geometry.  Escudier  [3]  extended  the  work  of 
Vogel  and  examined  this  system  using  laser  sheet  fluores¬ 
cence  dye  visualizations  over  the  range  1000  <  Re  <  4000 
and  1.0  <  5  <  3.5  and  found  that  in  this  parameter 
r£inge,  the  flow  could  undergo  up  to  three  breakdowns  as 
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well  as  become  unsteady.  Because  of  its  simple  geometry 
and  completely  specified  boundary  conditions,  this  flow 
is  an  excellent  system,  both  computationally  and  experi¬ 
mentally,  in  which  to  study  fundeimental  issues  related  to 
vortex  breakdown. 

The  small  number  of  experimental  parameters  com¬ 
bined  with  the  simple  geometry  makes  it  possible  to  per¬ 
form  accurate  experiments  and  numerical  simulations. 
Together  these  features  make  this  flow  a  nearly  ideal  set¬ 
ting  in  which  to  develop  and  characterize  the  PHAN¬ 
TOMM  flow  tagging  technique,  while  still  studying  non- 
trivicJ  fluid  mechanics. 

2  PHANTOMM  Flow  tagging 

Flow  tagging  is  a  technique  where  a  spatially  continu¬ 
ous  pattern  is  “written”  into  a  flow  field  by  means  of 
an  optical  resonance.  The  displacement  of  this  pattern 
is  subsequently  tracked  or  “interrogated”  by  means  of 
Laser  Induced  Fluorescence  (LIF)  imaging.  The  displace¬ 
ment  that  occurs  during  the  elapsed  time  interval  between 
the  tagging  and  interrogation  processes  results  in  a  mea¬ 
surement  of  velocity.  In  the  gas  phase,  examples  of  flow 
tagging  methods  include  Raman  Excitation  plus  Laser- 
Induced  Electronic  Fluorescence  (RELIEF)  [9]  and  multi¬ 
photon  dissociation  of  water  vapor,  followed  by  (A,X)  flu¬ 
orescence  from  hydroxyl  radical  LIF  [2]. 

In  the  hquid  phase,  we  have  previously  reported  a 
new  flow  tagging  technique  based  upon  the  use  of  caged 
dye  Photo- Activated  Fluorophores  (PAF’s),  which  we 
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have  termed  PHoto- Activated  Non-intrusive  Tracking  of 
Molecular  Motion  (PHANTOMM)  [7].  PAF’s  are  nom¬ 
inally  fluorescent  dyes  that  are  rendered  non  fluorescent 
by  the  strategic  attachment  of  a  chemical  caging  group. 
The  caging  group  is  photolytically  cleaved  upon  absorp¬ 
tion  of  ultraviolet  light,  generally  from  a  laser.  After  pho¬ 
tolysis,  the  original  fluorescent  dye  is  recovered  and  can 
be  tracked  using  laser  sheet  imaging  techniques  for  times 
limited  only  by  the  inter-species  diffusion  of  the  un-caged 
tracer  molecules  into  the  surroimding  caged  tracer  solu¬ 
tion.  The  technique  is  akin  to  ordinary  dye  visualiza¬ 
tion  except  that  the  dye  is  produced  in  situ  in  a  specific 
pattern  determined  by  the  tagging  beam  location.  The 
PHANTOMM  technique  is  very  similar  in  many  respects 
to  Laser  Induced  Photochemical  Anemometry  (LIPA), 
which  is  based  on  the  use  of  either  photochromic  or  phos¬ 
phorescent  tracer  materials  [6,  15,  4]. 

3  Experimental  procedure 

Dextran  carboxy  fluorescein  with  a  molecular  weight  of 
3000  g/mole  was  used  as  a  tracer  material  in  the  work 
presented  here.  A  typical  concentration  used  in  these 
experiments  is  0.5  mg/1.  The  caging  group  is  photolyzed 
upon  the  absorption  of  a  single  UV  photon  in  the  region  of 
350  nm.  Lines  are  tagged  in  these  experiments  using  the 
third  harmonic  of  a  Q-switched  NdiYAG  laser.  Typical 
tag  beam  energies  were  approximately  20  mJ  per  pulse. 

The  resulting  im-caged  dye  behaves  essentially  like  or¬ 
dinary  fluorescein  dye,  strongly  absorbing  in  the  region 
of  490  nm,  with  re-emission  between  520-620  nm.  Pulse 
outputs  of  approximately  100  mJ  with  a  duration  of  ap¬ 
proximately  2  ps  from  a  flash  lamp  pumped  dye  laser 
using  LD490  dye  in  methanol  were  used  for  interroga¬ 
tion.  Since  the  fluorescence  from  the  interrogated  line  is 
shifted  significantly  in  frequency  compared  to  the  interro¬ 
gation  beam,  a  simple  glass  filter  (OG530)  can  be  used  to 
block  stray  eleistic  scattering  from  the  experiment.  Flu¬ 
orescence  from  the  lines  is  imaged  onto  a  standard  CCD 
(Cohu  model  4810)  cameras  and  stored  in  a  freeze  frame 
unit  between  interrogations.  The  images  in  the  freeze 
frame  imit  axe  digitized  with  a  Scion  LG-3  frame  grab¬ 
ber  and  stored  in  real  time  on  the  hard  disk  of  a  Power 
Macintosh  7500  for  later  processing. 

A  schematic  diagram  of  the  apparatus  used  in  these 
studies  is  shown  in  figure  1.  The  inner  cylinder  is  a  preci¬ 
sion  bore  quartz  cylinder  with  an  inside  diameter  of  66.17 
mm  and  a  waU  thickness  of  2.06  mm.  The  bottom  end 
of  the  cylinder  is  bonded  to  a  quartz  disk  with  silicone 


Figure  1:  Side  view  of  the  experimental  setup.  Only 
one  interrogation  source  is  used  at  a  time. 

secJant.  Because  of  the  quartz  construction,  lines  can  be 
tagged  from  the  side,  as  well  as  from  the  bottom.  Provi¬ 
sions  have  been  made  in  this  apparatus  for  a  squeire  water 
bath  to  surround  the  inner  cylinder  to  stabilize  the  tem¬ 
perature  of  the  fluid  in  the  inner  cylinder,  as  well  as  to 
provide  some  degree  of  index  matching.  The  outer  water 
bath  was  not  used  in  the  experiments  presented  here. 

The  rotating  disk  at  the  upper  end  of  the  cylinder  is 
driven  by  a  variable  speed  DC  motor.  A  256  pulse-per- 
revolution  shaft  encoder  and  frequency  counter  are  used 
to  monitor  the  rotation  rate  of  the  shaft.  A  type  K  ther¬ 
mocouple  located  near  the  top  of  the  rotating  disk  mon¬ 
itors  the  temperature  of  the  fluid.  Using  water  as  the 
working  fluid,  the  range  of  Reynolds  numbers  attainable 
is  0  <  i?e  <  7800.  A  simple  motor  change  allows  for 
even  higher  Reynolds  numbers.  In  addition,  the  rotating 
disk  can  be  translated  vertically  resulting  in  an  available 
aspect  ratio  range  0  <  <5  <  5 

Lines  were  tagged  horizontally  in  the  R-Z  plane  where 
Z-direction  is  along  the  axis  of  the  cylinder.  Figure  2 
shows  a  top  view  of  the  optical  setup  as  well  as  detail 
of  the  placement  of  the  tagging  and  interrogation  beams. 
The  UV  tagging  beam  from  the  laser  was  focused  with 
a  500  cm  focal  length  lens,  resulting  in  a  beam  waist  of 
approximately  25pm. 
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Figure  2:  Top  view  of  the  experimental  setup.  Inter¬ 
rogation  sheet  is  not  shown 


The  light  from  the  dye  laser  weis  focused  into  the  ex¬ 
periment  in  one  of  two  ways.  In  the  first  case,  the  beam 
from  the  dye  laser  was  formed  into  a  sheet  approximately 
1.0  cm  thick  that  spanned  the  inner  cylinder  2ind  was  di¬ 
rected  into  the  apparatus  from  below. 

Because  there  is  a  finite  (order  milliseconds)  time  for 
the  un-caging  process  to  occm,  the  interrogations  cffe 
made  5  milliseconds  after  the  tag.  In  a  slow  flow,  such 
as  this  one,  the  first  interrogation  is  essentially  at  the  tag 
position,  and  can  be  used  as  an  excellent  approximation 
to  the  tag  position  when  calculating  velocities. 

Figure  3  shows  a  series  of  fines  tagged  into  the  flow  at 
one  second  intervals  where  Re  i=s  960  and  S  =  2.0.  The 
motion  of  the  PHANTOMM  fines  show  that  there  is  no 
stagnation  point  above  the  tag  position.  As  the  flow  spi¬ 
rals  upwcirds  towards  the  rotating  fid,  the  tagged  fluid  el¬ 
ements  move  out  of  the  interrogation  sheet  and  therefore, 
the  fines  appear  shorter.  After  one  quarter  revolution  the 
tagged  fluid  begins  to  move  back  into  the  sheet  and  the 
fines  begin  successively  to  appear  longer. 

Figure  4  shows  two  breakdown  bubbles  at  Re  w  1890 
and  J  =  2.0.  The  bubble  structure  is  visualized  by  tag¬ 
ging  many  fines  into  the  flow.  The  slow  re-circulation  in 
the  bubbles  keeps  the  tm-caged  fluorescent  dye  originat¬ 


Figure  3:  Image  of  several  PHANTOMM  lines  tagged 
and  interrogated  at  one  second  intervals  Re  w  960 
and  5  =  2.0. 


ing  from  the  middle  of  the  PHANTOMM  lines  localized, 
while  parts  of  the  tagged  fines  outside  the  bubble  are  dis¬ 
tributed  over  a  much  larger  region  and  contribute  to  the 
faint  background  fluorescence.  The  structure  of  the  bub¬ 
bles  appears  somewhat  blurred  because  the  interrogation 
sheet  is  relatively  thick  to  allow  for  cizimuthal  motion  of 
the  tagged  fines. 


In  the  second  case,  the  interrogation  beam  was  focused 
in  to  a  cylindrical  volume  approximately  1  cm  in  diame¬ 
ter,  roughly  coUinear  with  the  tag  beam  inside  the  exper¬ 
imental  volume.  A  second  camera  viewed  the  experiment 
from  the  bottom  via  a  45  degree  front  surface  mirror.  Fig¬ 
ures  5  and  6  show  the  side  and  bottom  views  of  the  same 
tag  and  interrogations  pairs  spaced  by  one  second.  The 
reynolds  number  is  996  and  5  =  2.0. 
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Figure  4;  Two  breakdown  bubbles  and  PHAN- 
TOMM  lines  showing  the  axial  velocity  profile  in  the 
region  of  the  lowest  bubble.  Re  w  1890  and  5  =  2.0. 


4  Numerical  simulations 


There  are  four  parameters  that  define  the  flow:  R, 
H,  fl,  and  i/.  Time,  length,  cund  velocity  are  non- 
dimensionalized  by  fi,  R,  eind  HR  respectively.  From 
these  four  dimensional  parameters,  one  can  define  two 
non-dimensional  parameters. 


and 


Re  = 


6  = 


HR^ 

(1) 

V 

H 

(2) 

'r 

If  we  define  a  stream  function  by  (3)  it  automatically 
satisfies  the  axisymmetric  form  (i.e.  ^  =  0)  of  the  con¬ 
tinuity  equation  in  cylindrical  coordinates. 


Vr 


1  _  1  dij) 

r  dz  r  dz 


(3) 


Figure  5:  Tag  and  interrogation  pair  of  PHAN- 
TOMM  lines  from  the  side.  See  figure  6  for  corre¬ 
sponding  bottom  view.  Re  =  996  and  5  —  2.0. 


Figure  6:  Tag  and  interrogation  pair  from  figure  5 
view  from  below.  Re  =  996  and  S  =  2.0. 


Using  (3)  we  find  that  the  azimuthal  component  of  vor- 
ticity  is 


wg  = 


dtp 

dr 


cPxp  d^tp 


(4) 


Plugging  equation  (3)  into  the  eizimuthcJ  momentum 
equation  eind  non  dimensionalizing  results  in  (5). 


dvg 

dt 


1  ,  ve  dtp 

-J{ve)  +  + 


Re 


d^VB  d^vg  1  dvg 


(5) 


Tcddng  ^  of  the  r-momentum  equation  and  ^  of  the 
z-momentum  equation  and  using  (3)  we  obtain  (6). 


due  j  (<^e\  dve 

~  U  /  r  dz^ 

1  \d'^uiB  &^ue  1  due  _  ^ 

Re  [  dz'^  dr"^  r  dr 


Where,  in  the  above  equations, 

(7) 

dz  dr  dr  dz 

Associated  with  equations  (4),  (5),  and  (6)  are  these 
boundary  conditions. 


^>(0,  2)  =  i>e(0,  z)  =  we(0, 2)  =  0 
^^>(1,2)  =  t;e(l,z)  =  0,  we(l,2)  = ^  ,g-, 

^(r,0)=0,  ve{r,0)=r,  ue{r,0) 

ip{r,5)  =  ve{r,6)=0,  UB{r, , 

Equations  (4),  (5),  and  (6)  are  approximated  using  sec¬ 
ond  order  accurate  finite  diflFerences  on  a  unifoim  mesh 
with  equal  spacing  in  the  R  and  Z  directions,  except  for 
the  term  J  defined  in  (7)  which  is  approximated  by  a 
method  given  by  Arakawa  [1].  The  kinematic  relationship 
between  azimuthal  vorticity  and  stream  fimction  is  solved 
for  ^  at  each  time  step  using  a  Gauss-Seidel  method  with 
multigrid  acceleration.  Once  a  new  ^  is  computed,  the 
evolution  equations  for  ve,  (5)  cind  ue,  (6)  are  advanced 
in  time  using  a  second  order  Runge-Kutta  scheme. 

Because  the  solution  of  (4)  does  not  require  the  values 
of  ue  on  the  botmdaries  of  the  flow,  the  boundary  condi¬ 
tions  on  ue  are  implemented  at  the  end  of  each  time  step 
by  using  a  Taylor  expansion  for  V’  one  grid  point  in  from 
the  boxmdary. 

In  the  cases  presented  here,  where  the  flow  achieves  a 
steady  state,  time  is  marched  forward  imtil  the  left  hand 
sides  of  (5)  and  (6)  go  to  zero.  Further  details  on  vorticity- 
stream  fimction  codes  for  this  flow  of  this  type  can  be 
found  in  the  papers  by  Lopez,  Neitzel,  and  Davis  [8,  11, 
10]. 

Figures  7  and  8  show  the  results  obtained  with  this 
code  for  two  ceises  that  were  also  studied  experimentally. 
In  both  computations,  the  grid  used  was  relatively  coarse 
with  65  points  in  the  Z-direction  and  33  along  the  radius. 
The  time  step  was  0.04. 


Figure  7:  Contour  lines  of  computed  stream  function 
in  the  R-Z  plane.  Re  =  996  and  5  =  2.0.  The  rotating 
wall  is  at  the  bottom  of  the  figure. 

5  Determination  of  velocity 
from  PHANTOMM  images 

In  order  to  make  quantitative  measurements  based  on  im¬ 
ages  such  as  those  in  figure  5  and  6  two  issues  must  be 
considered.  First,  features  in  the  digitized  image  must  be 
related  to  physical  dimensions  in  the  experiment.  Sec¬ 
ondly,  distortion  of  the  image  caused  by  passage  through 
surfaces  in  to  the  experiment  must  also  be  considered. 

In  order  to  relate  features  in  a  digitized  image  to  phys¬ 
ical  dimensions  in  the  experiment  a  simple  model  for  the 
imaging  system  bcised  on  a  pinhole  camera  approximation 
is  used.  This  model  is  extended  to  include  radial  distor¬ 
tion  of  the  image  caused  by  the  lens  as  well  as  an  offset 
between  the  center  of  the  imaging  system  and  the  center 
of  the  digitized  image.  This  model  is  very  similar  to  one 
developed  by  Tsai  for  machine  vision  applications  [12]. 

Figure  9  shows  the  coordinate  frames  used  in  the  csun- 
era  model.  The  point  {Xq,  Yo,  Zo)  corresponds  to  the  ori¬ 
gin  of  the  laboratory  frame.  A  point  in  this  frame  {Xi,  Yi, 
Zi)  is  assumed  to  project  through  a  pinhole  to  the  point 
(Ac,  To)  located  in  the  image  plane  of  the  CCD  camera. 
Radial  distortion,  in  principle,  causes  a  slight  shift  of  this 
point  to  the  point  (Ad,  Yd)  The  basic  equations  for  a  pin¬ 
hole  Ccimera  are  given  by  (9).  Dimensions  between  the 
image  plane  and  object  plane  are  simply  scaled  by  simi¬ 
lar  triangles.  A  and  Y'  are  the  distance  from  the  ceimera 
axis  in  the  image  and  object  planes.  simply  is  the 
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Figure  8:  Contour  lines  of  computed  stream  function 
in  the  R-Z  plane.  Re  =  1586  and  5  =  2.0.  The 
rotating  wall  is  at  the  bottom  of  the  figure. 


magnification  factor  of  the  imaging  system. 


^ object  _ 

^object 

ect  _ 

^object 


^  image 


(9) 


Allowing  for  the  axes  in  the  laboratory  frame  to  be 
translated  in  all  three  directions,  we  find  that. 


Xi-Xo  ^ 

Zi  +  Zo  f 

Y,-Xo  ^  _Yc 
Zi  +  Zo  f 


(10) 


Approximating  any  radial  distortion  in  the  imaging 
system  by  the  first  non-zero  term  in  its  Taylor  expansion 
we  can  write  that 


Xc  —  Xd(l  -b  Kr^)  (11) 

Tc  =  Vd(l  +  Kr2) 

r^^Xl+  Yj 

where  Xc.  and  Yc  are  the  coordinates  of  the  point  in 
the  image  plane  due  to  a  perfect  pinhole  projection.  Xa 
and  Yd  are  the  coordinates  of  the  scime  point  after  radial 
distortion  has  occurred.  Experimentally,  for  the  lenses 
used  in  these  experiments,  k  is  usually  smcJl. 


Introducing  a  physical  scale  for  the  size  of  pixels  on  the 
CCD  and  allowing  for  the  center  of  the  digital  image  to 
be  different  from  the  center  of  the  imaging  system  we  can 
write 


Xd  =  S,[Xj,  +  Xf)  (12) 

Yd^Sy{Y^  +  Yf) 

Sx  and  Sy  relate  the  size  of  an  individual  pixel  to  phys¬ 
ical  dimensions  on  the  CCD.  X /  and  Yf  account  for  the 
fact  that  experimentally  the  center  of  the  digital  image 
usually  does  not  correspond  to  the  center  of  the  imaging 
system. 

Combining  equations  (10),  (11),  and  (12)  we  get  that 


ATi  =  Ao  -  (Zi  +  X 

[1  +  K[Sl{Xy  +  Xf)^  +  SliYy  +  T/)^)] 

=  Fx(Xp^  Yp'ii  Xo,  Yo,  Zoi  Sx)  SyjKj  fjXff  Yf) 

Y  =  Yo-{Zi  +  Zo)^^^^^^^x 

[1  -f  K{Sl{Xy  -b  Xff  +  SliYj,  -b  Yff)] 

=  Fy{Xp,  Yp-,  Xo,  To,  Zo,  Sx,  Sy,  /c,  f,Xf,  Yf)  (13) 

The  imknown  model  parameters  Xo,Yo,Zo,Sx,  Sy,  k,  f, 
X f ,  and  Yf  are  foimd  by  taking  several  images  of  a  cali¬ 
bration  grid  at  several  different  distances  from  the  camera 
and  minimizing  the  average  squared  error  in  feature  po¬ 
sition  given  by  (14) 

N 

*=i 

Typical  values  of  are  2x10“^  implying  an  average 
computed  error  in  location  of  approximately  0.015  inches. 

The  second  issue  of  the  distortion  caused  by  viewing 
the  image  through  the  walls  of  the  experiment  is  ad¬ 
dressed  by  tracing  a  family  of  rays  generated  by  the  cam¬ 
era  model  from  every  point  on  the  line  back  through  a 
model  of  the  experimental  setup.  Figure  10  show  several 
representative  rays  traced  back  into  a  model  consisting  of 
two  concentric  cylinders.  The  outer  cylinder  has  cin  in¬ 
dex  of  refraction  corresponding  to  quartz,  while  the  inner 
cylinder’s  index  is  that  of  water. 

The  position  of  the  tag  and  interrogation  line  are  ob¬ 
tained  by  fitting  a  Gaussian  line  shape  with  a  linearly 
varying  backgroimd  to  the  intensity  distribution  in  each 
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Figure  9:  Coordinate  frames  used  in  the  camera 
model. 


Figure  10:  View  of  the  3D  ray  tracing  procedure. 
Several  rays  corresponding  to  the  line  in  figure  5  come 
from  a  pinhole  source  from  the  left  and  are  traced 
back  into  the  model. 


vertical  column  of  pixels  in  the  recorded  image.  Gener¬ 
ally,  in  this  way,  line  centers  Ccin  be  located  to  an  accuracy 
of  0.1  pixel. 

In  the  current  analysis,  the  tagged  line  motion  is  as¬ 
sumed  to  be  planar,  and  the  corrected  line  positions  inside 
the  experiment  are  calculated  by  intersecting  the  surface 
generated  by  tracing  the  rays  back  into  the  experiment 
with  a  plane  in  which  the  motion  is  assumed  to  occur 
(The  R-Z  plane  in  this  case).  Once  both  the  t^  and  in¬ 
terrogation  position  is  computed  in  this  way,  a  measure 
of  velocity  can  be  computed  using  (15). 


AX 

AT 


(15) 


6  Results  and  Discussion 

Figime  11  shows  a  measurement  of  velocity  in  the  Z- 
direction  obtained  by  tagging  a  line  in  the  R-Z  plane  0.856 
R  from  the  non  rotating  wall  compared  with  vertical  ve¬ 
locities  at  this  location  from  the  computations  described 
above.  Ray  traced  positions  for  both  the  tag  cind  inter¬ 
rogation  line  were  used  to  compute  a  series  of  line  dis¬ 
placement  measimements;  these  values  were  then  divided 
by  AT  resulting  in  a  velocity  meeisurement. 

As  Wets  pointed  out  in  [5],  so  long  as  the  spatial  velocity 
gradients  in  the  region  the  line  traverses  between  tag  and 
interrogation  are  small,  (15)  is  a  good  measure  of  velocity. 

Figure  12  shows  the  measured  line  displacement  com¬ 
pared  with  the  position  of  a  line  obtained  by  integrating 


a  “numerical”  line  forward  one  second.  In  this  way,  one 
can  obtain  a  direct  comparison  between  the  experiment 
and  the  data  without  the  assumptions  inherent  in  (15). 

Figures  13  and  14  show  the  same  comparisons  between 
computed  velocity  and  line  displacement  for  motion  in 
the  R-^  plcine. 

It  is  important  to  note  that  in  all  measurements  pre¬ 
sented  here,  velocities  and  line  displacements  were  com¬ 
puted  assuming  that  the  tagged  lines  motion  remained 
plancir.  This  cissumption  simplifies  the  ray  tracing  proce- 
diue  as  described  previously.  However,  because  the  line 
motion  is  cleeuly  non-planar  this  assumption  introduces 
error  in  the  calculated  line  position  and  resulting  velocity 
measurements.  We  are  currently  implementing  a  three- 
dimensional  ray  tracing  procedure  in  which  rays  from  two 
cameras  aue  traced  back  to  their  intersection  in  the  ex¬ 
perimental  volume. 

Several  other  possible  soimces  for  the  discrepancy  be¬ 
tween  computation  and  experiment  exist  cind  tire  cur¬ 
rently  being  investigated.  Reynolds  number  is  experi¬ 
mentally  determined  by  measuring  the  temperature  of  the 
water,  rotation  rate  of  the  lid,  and  radius  of  the  cylinder. 
Computations  at  Reynolds  numbers  30  above  and  below 
996  were  run  to  evaluate  the  effects  of  inaccurate  tem¬ 
perature  measurements  on  computed  velocity  profiles  in 
the  region  of  interest.  Only  very  small  differences  were 
found,  and  these  alone  can  not  account  for  the  discrep¬ 
ancy  shown.  Although  the  meastu-ement  of  O  is  believed 
to  be  quite  accurate,  since  it  affects  the  Reynolds  num- 


15.3.7. 


Figure  11;  Non-dimensional  velocity  in  the  Z- 
direction  computed  (solid  line)  and  measured  (dia¬ 
monds)  along  a  line  in  the  R-Z  plane  0.856  R  from 
the  non-rotating  wall.  Re  =  996  and  S  =  2.0. 


Figure  12:  Computed  (solid  line)  and  measured  (di¬ 
amonds)  non-dimensional  line  displacement  after  1  s 
of  an  initially  horizontal  line  tagged  at  0.856  R  in  the 
R-Z  plane.  Re  =  996  and  S  =  2.0. 


her  CIS  well  as  the  non-dimensionaJization  of  experimental 
velocity  measurements,  errors  here  could  be  quite  signifi¬ 
cant. 

The  ray  tracing  procedure  employed  to  remove  optical 
distortion  requires  knowledge  of  the  indices  of  refraction 
of  the  quartz  cylinder  and  water.  These  were  obtained 
from  tabulated  values,  but  may  not  accurately  reflect  the 
actual  index  of  refraction  of  the  cylinder  or  water  at  the 
wavelengths  where  the  PHANTOMM  dye  fluoresces.  The 
data  should  be  re-analyzed  with  slightly  different  indices 
of  refraction  used  in  the  ray  tracer  in  order  to  quantify 
the  sensitivity  of  measured  velocity  to  errors  in  index  of 
refraction. 

7  Conclusions  and  future  work 

We  have  demonstrated  the  utility  of  the  PHANTOMM 
technique  simultcmeously  obtciin  quantitative  velocity 
data  in  two  planes  in  a  highly  three-dimensional  flow  field. 
A  procedure  has  been  outlined  for  removing  the  distortion 
due  to  imaging  through  curved  surface  with  an  imperfect 
optical  system. 

Measured  velocity  profiles  have  been  compared  to  nu¬ 
merical  simulations.  Tagged  lines  have  also  been  directly 
compared  to  “numerical”  lines  generated  by  forward  in¬ 
tegration  of  the  computed  flow,  comparing  measured  ve¬ 
locity  data  to  Future  work  will  focus  on  resolving  small 


remaining  discrepancies  between  experimental  data  and 
the  numerics,  followed  by  experiments  at  higher  Reynolds 
number  where  computations  do  not  exist. 
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ABSTRACT 

Quantitative  velocity  measurements  have  been 
performed  in  Taylor-Couette  flow  using  the  PHANTOMM 
flow  taggign  technique.  The  results  illustrate  the  expected 
three-dimensional  features  of  the  flow  and  the  presence  of 
Taylor  cells  at  low  Taylor  numbers.  Moreover,  these  results 
showed  the  gradual  transition  to  turbulence  with  increasing 
Taylor  numbers.  The  spectral  density  function  and  the 
autocorrelation  function  were  computed  for  the  211  x  10  to 
110  X  10^  range  of  Taylor  numbers  studied.  The  flaw 
structure,  for  Taylor  numbers  less  than  5.97  x  10^,  is 
dominated  by  larger  torroidal  eddies  with  a  wavelength  the 
same  order  as  the  gap  size.  When  the  Taylor  number 
becomes  larger,  the  flow  structure  displays  more  irregular 
motions.  Nevertheless,  even  for  the  highest  Taylor  number 
studied  in  this  work,  the  structure  is  far  from  random,  and 
the  flow  exhibits  an  almost  periodic  behavior.  We  can  take 
Ta  =  6  X  107  as  a  number  that  characterizes  the  transition 
of  the  flow  structure  from  one  dominated  by  the  Taylor  cells 
to  one  where  the  irregular  motions  predominate.  We  can 
associate  these  irregular  motions  with  the  Gortler 
instability  or  instability  of  the  second  kind.  The  results  also 
show  the  potential  of  the  PHANTOMM  technique  to 
investigate  the  spatial  instabilities  in  confined  flow. 

1.  THE  PHANTOMM  TECHNIQUE 

The  ability  to  obtain  accurate,  high  spatial 
resolution  velocity  data  over  a  wide  range  of  Reynolds 
numbers  poses  a  significant  challenge  to  existing  optical 
diagnostic  techniques.  Flow  tagging  is  an  optical 
diagnostic  in  which  a  laser  beam  is  used  to  "write"  a 
spatially  continuous  pattern  into  a  specific  region  of  the 
flow  field.  The  temporal  evolution  of  the  initial  pattern  is 


tracked  ("interrogated")  through  Laser-Induced 
Fluorescence  (LIF)  imaging.  The  displacement  within  the 
elapsed  time  interval  constitutes  a  measurement  of  velocity, 
with  an  absolute  accuracy  limited  only  by  the  ability  to 
determine  position  and  time. 

Flow  tagging  based  on  caged  dye  Photo- Activated 
Fluorphores  (PAF)  (McCray  1989).  PAF  tracers  has  been 
termed  as  Photo-Activated  Nonintrusive  Tracking  of 
Molecular  Motion  (PHANTOMM).  Caged  dye  PAFs  are 
organic  dye  molecules  in  which  a  chemical  caging  group 
has  been  attached  in  order  to  quench  the  normally  bright 
laser  fluorescence.  The  caging  group  is  photolytically 
cleaved  upon  exposure  of  the  molecule  to  ultraviolet  (UV) 
light,  typically,  but  not  necessarily,  from  a  laser.  Upon 
photolysis,  the  original  dye  is  recovered  which  can  be 
tracked  indefinitely  using  ordinary  laser  sheet  fluorescence 
imaging  approaches  (Dahm  et  al.  1990).  As  was  discussed 
by  Lempert  (1995),  the  uncaged  dye  exhibits  an  extremely 
intense  fluorescence,  with  the  result  that  low  concentrations 
(less  than  10'^  M)  are  required.  As  in  ordinary  dye 
visualization,  the  fluorescence  is  Stokes-shifted  so  that 
simple  long-pass  colored  glass  filters  can  be  used  to 
attenuate  elastic  scattering  from  the  laser.  This  produces 
high  contrast  images  which  are  conducive  to  measurements 
at  high  Reynolds  number.  In  many  respects,  the  technique 
is  similar  to  Laser-Induced  Photochemical  Anemometry 
(LIPA),  in  which  time  lines  are  written  into  a  flow  using 
photochromic  phosphorescent  materials  (Falco  and  Nocera 
1993). 

The  capabilities  of  the  technique  to  measure 
velocity  in  high-speed  flow  are  directly  linked  to  the  optical 
and  chemical  properties  of  the  PAF  tracers.  In  particular,  it 
should  be  pointed  out  that,  while  there  is  no  limit  to  the 
maximum  time  between  cage-breaking  (tag)  and 
interrogation  (since  the  photochemical  change  is 
permanent),  there  is  a  minimum  time  dictated  by  the  kinetic 
rate  for  the  cage-breaking  photolysis  process.  The  finite 
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rate  results  in  a  time  lag  between  the  firing  of  the  tagging 
laser  and  the  evolution  of  sufficient  dye  in  its  fluorescent 
form  to  be  interrogated  with  sufficient  signal-to-noise.  The 
magnitude  of  the  signal-to-background  ratio  is  a  function  of 
the  caged  dye  purity,  as  well  as  the  sheet  thickness.  This 
ratio  needs  to  be  adjusted  by  experiment  (Lempert  1995), 

2.  THETAYLOR-COUETTE  FLOW  AND  OBJECTIVES 

The  flow  between  concentric  cylinders  has  proved 
to  be  a  remarkably  rich  problem  in  fluid  dynamics. 
Interesting  phenomena  have  been  observed  and  examined 
since  the  early  work  of  Taylor  (1923)  who  found  that  for 
certain  combinations  of  the  rotation  rates  and  geometry,  the 
flow  in  the  gap  between  the  two  cylinders  became  unstable. 
This  instability  is  in  the  form  of  counter-rotating  vortex 
pairs  with  their  axes  in  the  circumferential  direction.  Part 
of  the  fascination  with  the  Taylor-Couette  problem  is  how 
such  a  simple  flow  geometry  can  produce  such 
complexities.  One  particularly  interesting  aspect  of  the 
study  of  the  Taylor-Couette  flow  is  the  transition  from 
laminar  to  turbulent  flow.  One  of  the  inducements  to 
understand  the  transition  process  in  Taylor-Couette  flow  is 
the  possibility  of  finding  a  general  model  of  transition. 

Some  of  the  studies  in  Taylor-Couette  flow  have 
suggested  that  the  structure  of  the  flow  is  composed  of 
large  Taylor  cells  throughout  the  gap,  typically  due  to  the 
Taylor  instability,  and  a  thin  boundary  layer  on  the  wall  of 
the  inner  cylinder  where  the  instability  has  been  found  to  be 
characteristic  of  the  Gortler  instability.  The  disturbances  in 
the  boundary  layer  are  of  the  form  of  counter-rotating 
vortex  pairs  with  axes  in  the  circumferential  direction,  with 
motion  similar  to  that  of  the  Taylor  cells  (Wei  et  al.,  1992; 
Smith  and  Townsend,  1982).  It  should  be  noted  that  the 
Gortler  instability  is  not  limited  to  Couette  flow  geometries. 
The  Taylor-Gdrtler  instability  may  also  be  an  important 
mechcmism  for  the  control  of  transition  in  a  boundary  layer 
along  curved  surface,  for  both  compressible  and 
incompressible  turbulent  flows. 

The  aspects  of  the  Taylor-Couette  flow  described 
in  the  paragraph  above  have  not  been  investigated  in  detail 
by  quantitative  velocity  measurements.  The  hot  wire 
anemometer  is  not  adequate  for  this  study  because  it 
affects  adversely  the  flow  structure  within  the  small  gaps. 
Also,  it  is  not  possible  to  get  information  about  the  global 
features  of  the  large  Taylor  cells  since  it  is  inherently  a 
single-point  technique.  This  aspect  may  also  restrict  the  use 
of  LDV  (Laser  Doppler  Anemometry).  On  the  other  hand, 
the  PHANTOMM  technique  can  extract  interesting  facts  of 
the  structure  of  the  flow  because  the  spatial  measurements 
with  this  technique  provide  information  that  happens  along 
a  line.  The  statistical  treatment  of  the  spaticil  changes  of 
velocities  can  help  to  show  the  main  aspects  of  the  flow. 

For  these  reasons  we  studied  the  Taylor-Couette 
flow  using  the  PHANTOMM  technique.  The  study  had  a 
primary  objective  to  characterize  the  performance  this 
technique  to  measure  velocities  in  incompressible  turbulent 
flow  in  high  Reynolds  number.  Also,  we  have  carried  out  a 
treatment  of  the  measurements  with  aim  to  understand  the 


structure  of  the  flow  as  a  function  of  Taylor  number,  in  the 
range  where  the  flow  goes  from  laminar  to  turbulent  The 
measurement  procedure  will  be  explained  in  the  next 
section. 


3.  EXPERIMENTAL  SYSTEM 

3.1  Taylor-Couette  Experimental  Apparatus 

The  inner  and  outer  cylinders  of  the  Taylor- 
Couette  are  made  of  Plexiglas.  The  inner  cylinder  was 
machined  to  a  radius  of  Ri  =  3.14  cm.  The  nominal  inside 
radius  of  the  outer  cylinder  is  Rg  =  8.18  cm  and  the 
variation  in  the  inner  radius  around  the  circumference  at 
fixed  height  was  determined  by  visual  inspection  to  be  less 
than  1%.  The  height  of  the  cylinders  is  L  =  102  cm;  giving 
an  aspect  ratio  @  =  L/d  =  20  (d  is  the  gap  length),  which 
is  large  enough  to  minimize  end  effects.  The  top  and 
bottom  endplates  are  stationary.  The  temperature  of  the 
system  was  not  controlled  but  the  ambient  temperature  of 

the  room  was  constant  between  22  and  25°C.  The 
experimental  system  is  mounted  on  a  vibration-isolation 
table.  The  cylinders  are  driven  by  variable  speed  DC  motors 
that  allow  uniform  and  stable  rate  of  rotation  for  both 
cylinders.  The  rotation  rates  of  the  inner  and  outer  cylinders 
can  be  chosen  independently  and  co-rotating  and  counter¬ 
rotating  cases  are  possible.  A  small  He-Ne  laser  was 
directed  on  to  a  small  black  tape  spot  on  the  wall  of  the 
inner  cylinder,  and  the  signal  was  captured  by  photo  diode, 
to  allow  the  rotation  frequency  to  be  measured  with  the  aid 
of  a  digitizing  oscilloscope.  The  Taylor  number  was  varied 
by  changing  the  rotation  frequency  of  the  inner  cylinder.  In 
our  experiments  only  the  inner  cylinder  rotated,  /r  =  0  (see 
Eq.  8).  Since  0.355  pm  light  is  attenuated  by  Plexiglas,  the 
outer  cylinder  was  fitted  at  its  midpoint  with  a  small  quartz 
window,  approximately  1  cm  in  diameter,  to  facilitate 
tagging.  The  working  fluid  was  a  water  solution  with 
Dextran  Carboxy  fluorescein  that  was  used  as  a  trace 
material.  A  typical  concentration  used  in  these  experiments 
is  0.5  mg/1. 

3.2  Optical  Apparatus 

In  the  optical  configuration  used  in  this  study,  the 
tagging  is  performed  using  the  third  harmonic  of  a  Q- 
switched  Nd;YAG  laser  at  0.355  pm.  Single-pulse  energies 
between  40  mJ  and  60  mJ  were  used,  depending  upon  the 
experiment  Lines  were  tagged  along  the  radial  axis  (the  r- 
direction),  where  the  UV  tagging  beam  from  the  laser  was 
focused  with  a  30  cm  focal  length  lens,  resulting  in  a  beam 
waist  of  approximately  10  pm.  The  interrogation  was 
performed  using  a  flash  lamp  pumped  dye  laser  using 
LD490  dye  in  methanol  with  no  interactive  line-narrowing 
optics.  The  dye  laser  is  capable  of  pulse  outputs  between 
50-400  mJ  with  a  pulse  duration  of  approximately  2  ps.  The 
interrogation  beam  is  formed  into  a  sheet  that,  for  the 
lateral  recording,  emerged  from  the  top  of  the  experimental 
apparatus.  The  sheet,  approximately  2  cm  thick,  was 
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formed  by  mirrors  and  cylindrical  lenses  with  positive  and 
negative  focal  length.  This  sheet  was  located  in  the  (r,z) 
plane  in  the  annular  space  between  the  cylinders,  where  the 
z-  direction  is  along  the  axis  of  the  cylinders.  For 
recording  from  the  top  view,  similar  optics  were  used  to 
place  the  sheet  in  the  (r,  (())  plane.  It  covered  all  the  gap. 
Also,  this  sheet  had  a  thickness  of  approximately  2  cm.  A 
colored  glass  filter  (OG530)  was  used  to  block  stray  elastic 
scattering  from  reaching  the  camera.  Huorescence  from 
either  the  line  or  the  image  of  the  vortex  pair  and  cells  was 
imaged  onto  a  standard  CCD  camera,  stored  in  a  freeze 
frame  unit  between  interrogations,  and  recorded  on  a  VHS 
VCR.  The  delay  between  the  tagging  and  interrogation 
lasers  was  adjusted  by  a  4-channel  digital  delay/pulse 
generator.  The  maximum  repetition  rate  was  10  Hz. 


4.  RESULTS 


Fig.  1  Representative  PHANTOMM  line  images  for 
Ta=0.21xl0^  (Re=154),  in  the  (r,z)  plane.  The  images  from 
(a)  to  (0  correspond  to  the  interrogation  lines  with  5t=l 
second.  Two  seconds  of  delay  occur  between  sucssive 
pictures. 

For  a  cylindrical  geometry  (r,0,z),  where  r,  0  and 
z  represent  the  radial,  azimuthal  and  vertical  axial 
directions,  the  basic-state  velocity  vector 
is  V  =  (Vr,V0,V2) ,  where  v„  ve  and  v^  represent  the 

radial,  tangential  and  axial  velocity  components.  Rayleigh 
(1916)  showed  that  the  necessary  and  sufficient  condition 
for  the  existence  of  an  inviscid  axisymmetric  instability  is: 


dr 


anywhere  in  the  flow.  T  is  the  circulation  defined  as  r=rV0. 


The  instability  in  Taylor-Couette  flow  is  governed 
by  the  Taylor  Number  Ta  defined  by 


Ta  =  Re^  5 
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where  v  is  the  cinematic  viscosity,  Rj  and  R^,  are  the  radii 
of  the  inner  and  outer  cylinders,  respectively,  Q;  and  Qo  and 
are  the  angular  velocities  of  the  inner  and  outer  cylinders. 
When  the  outer  cylinder  is  fixed  and  the  inner  cylinder  is 
rotating  about  its  axis  p  =  0.  This  case  is  that  was  studied  in 
this  work. 

We  have  applied  the  PHANTOMM  technique  to 
measure  the  instantaneous  velocities  in  the  (r,z)  and  (r,0) 
planes.  Images  from  both  views  were  recorded  at  40 
different  Taylor  numbers  in  the  range 
0.21xl0^<Ta<0.11xl0‘^  and  for  several  different  delays 
between  tagging  and  interrogation. 

Figures  1  to  3  show  the  representative 
PHANTOMM  line  images.  Fig.  1  shows  the  images  in  the 
(r,z)  plane,  for  the  lower  value  of  the  Taylor  number, 
Ta=0.21xl0^.  The  lines  indicate  a  flow  structure  typical  the 
Taylor  cells.  The  flow  has  a  rotational  laminar  structure 
with  a  positive  velocity  close  to  the  outer  cylinder  wall  and 
a  negative  velocity  from  the  center  to  the  inner  cylinder 
wall.  This  flow  configuration  is  completely  steady,  and  the 
Taylor  cells  cover  the  complete  gap.  As  described  in  Biage 
et  al.  (1996),  the  cells  have  an  inflectional  point  that 
characterizes  the  shift  in  the  velocity  sign.  This  point 
constitutes  an  equilibrium  center  that  moves  along  the 
central  line  in  the  radial  direction.  When  this  point 
approaches  of  one  of  the  cylinder  walls  the  rotational  sense 
of  the  cells  changes.  This  is  the  flow  typical  of  low  Taylor 
numbers.  Fig.  2  presents  the  line  images  of  the  flow  in  the 
(r,0),  for  the  same  experimental  condition  of  Fig.  1.  In  this 
figure  we  can  observe  three-dimensional  characteristics  of 
the  flow.  The  lines  close  to  the  outer  cylinder  wall  are 
affected  by  the  axial  flow  in  the  vertical  direction.  The 
region  of  the  gap  core  has  an  appearance  of  nozzle  due  the 
interaction  of  the  flow  in  the  (r,0)  plane  with  one  in  the  (r,z) 
plane.  The  flow  structure  shows  in  the  Fig.  2  indicates  a 
larger  velocity  in  the  central  region  of  the  gap  than  that  for 
the  inner  cylinder  wall  because  of  the  nozzle  effect.  When 
the  Taylor  number  increases  the  regular  feature  of  the  flow 
in  the  (r,z)  plane  changes  and  the  coherence  of  the  Taylor 
cells  shrinks.  At  the  same  time,  fluctuations  with  higher 
frequencies  appear  in  the  flow.  For  example.  Fig.  3  shows 
the  flow  line  structures  for  higher  Taylor  number. 

Fig.  4  shows  a  typical  view  of  the  interrogation 
lines,  overlaid  with  an  estimate  of  the  center  of  gray  scale 
intensity  as  a  function  of  r.  The  center  of  intensity  was 
found  using  a  peak  searching  algorithm.  For  the 
measurements  in  the  (r,z)  plane,  this  algorithm  took  the 
point  that  corresponds  to  the  maximum  gray  scale  intensity 
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over  a  vertical  line  (each  picture  had  646  vertical  lines). 
This  point  coincides  with  the  centerline  of  the  interrogation 
line  image  with  an  error  less  than  ±2% .  For  the 
measurements  in  the  (r,0)  plane,  the  center  of  intensity  was 
found  by  peak  searching  algorithm  in  the  following  way: 
as  a  first  approach,  using  the  same  procedure  described 
above  for  the  (r,z)  plane.  Normally,  the  center  of  intensity 
found  by  this  procedure  did  not  coincide  with  the  centerline 
of  the  interrogation  line  as  a  function  of  r.  To  correct  this 
divergence,  we  have  taken  a  set  of  points  with  30-40  pixels 
distributed  in  the  radial  direction  around  the  each  maximum 
point,  which  was  determined  by  the  first  approach,  and  then 
we  evaluated  the  radial  maximum  intensity  over  the 
interrogation  line.  These  points  that  correspond  to  the 
maximum  radial  intensity  coincided  with  the  centerline  of 
the  interrogation  line,  with  the  same  precision  mentioned 
above.  Even  the  critictd  cases,  where  the  flow  had  higher 
level  of  fluctuation,  this  analysis  worked  well. 


Fig.  2  Representative  PH.ANTOMM  images  for 
Ta=0.21xl0^  (Re=154),  in  the  (r,0)  plane.  8t=20  ms  for 
each  first  line  image  and  6t=l  second  between  sucessive 
lines.  Two  seconds  of  delay  between  successive  pictures.  ' 

The  calibration  of  the  image  magnification  was 
performed  external  to  the  experimental  system  because  of 
the  difficulty  of  performing  this  in-situ.  We  utilized  an 
image  of  a  grid  placed  in  the  same  optical  geometry  used 
for  the  experiments.  In  this  calibration,  we  did  not  apply 
corrections  of  the  distortion  caused  by  viewing  the  tagged 
lines  through  the  cylindrical  surface  in  the  (r,z)  plane. 
Also,  we  did  not  correct  the  distortion  caused  by  the 
mismatch  of  the  indices-of-refraction  for  air-water. 
However,  by  comparison  of  known  gap  length  to  that 
determined  using  the  calibration  measurements,  we 
estimate  the  error  to  be  less  than  3%.  The  principal  effect 
of  the  cylindrical  surface  is  to  compress  the  radial  scale  of 
the  image  very  near  the  outer  wall.  The  z-axis  is  not 


affected,  except  for  a  very  small  translation.  This 
translation  was  minimized  by  positioning  the  camera  at  the 
same  height  as  that  of  the  tagging  laser.  A  conservative 
estimate  of  the  absolute  velocity  uncertainty  introduced  by 
these  effects  is  less  than  ±5%  . 


Fig.  3  Representative  PHANTOMM  images  for 
Ta=2.45xl0*  (Re=1.66xl0'^,  in  the  (r,0)  plane,  (a)  baseline 
image  with  5t=l  ms  and  the  images  from  (b)  to  (0 
correspond  to  the  interrogation  lines  with  8t=l  ms.  One 
second  of  delay  between  successive  pictures. 


Fig.  4  (a)  typical  view  of  the  interrogation  line  in  the  (r,0) 
plane.  15  ms  after  tagging  for  Ta=5.96xl0^  (Re=8176)  and 
(b)  the  corresponding  fitted  line  position. 

Figures  5  to  8  show  the  dimensionless 
instantaneous  velocities  across  the  gap  for  the  planes  (r,0) 
and  (r,z)  for  several  Taylor  numbers  in  the  lange  of  0.21  x 
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10^  <Ta  <  0.11  X  lo'^.  These  figures  were  put  on  the  same 
scale  in  order  to  illustrate  the  relative  fluctuations  in  the 
two  planes  as  a  function  of  Taylor  number.  In  all 
situations,  the  flow  exhibits  large  spatial  fluctuations. 

Figures  5  and  6  show  the  velocity  profiles  for 
several  Taylor  numbers  in  the  (r,0)  plane.  In  Fig.  5,  which 
corresponds  to  Ta  =  0.21  x  10^  (Re  =  154),  we  observe  that 
the  velocity  in  the  gap  center  achieves  a  velocity  two  times 
greater  than  the  linear  velocity  of  the  inner  cylinder  wall. 
This  occurs  because  of  the  three-dimensionality  and  the 
resulting  streamwise  convergence,  as  indicated  earlier.  The 
mean  velocity  in  the  (r,0)  plane  becomes  less  affected  by 
the  three-dimensional  characteristic  of  the  flow  as  the 
Taylor  number  increases.  Moreover,  the  outflow  velocity 
profile  evolves  with  the  Taylor  number,  and  it  achieves  an 
almost  constant  slope  (about  0.42)  when  the  Taylor  number 
becomes  larger  than  5.96x10^.  One  can  see  this  tendency  in 
the  velocity  profiles  of  Figs.  5  and  6.  This  behavior  permits 
the  enhancement  that  the  outflow  velocity  profile  is  led  for 
a  universal  profile  in  high  Taylor  number 


Fig.  5  Dimensionless  instantaneous  velocities  along  the 
gap,  in  the  plane  (r,0).  (a)  Ta=0.21xl0^,  (b)  Ta=6.02xl0®, 
(c)  Ta=5.96xl0''  and  (d)  Ta=2.45xl0®. 

Almost  all  the  variation  of  the  angular  momentum 
occurs  within  the  two  wall  boundary  layers  since  surface 
stresses  are  expected  to  be  nearly  proportional  to  the  7/5 
power  of  the  rotational  velocity,  according  to  Smith  and 
Townsend  (1982).  One  can  observe  that  the  boundary  layer 
in  the  inner  cylinder  wall  is  concentrated  in  a  region  within 
0.07  of  the  gap  length.  The  thickness  of  the  boundary  layer 
shrinks  when  the  Taylor  number  increases.  For  larger 
Taylor  numbers,  this  thickness  is  less  than  0.03  of  the  gap 
length.  This  boundary  layer  thickness  on  the  outer  cylinder 
wall  is  larger  than  that  of  the  inner  cylinder  wall.  However, 
the  flow  in  this  outer  boundary  layer  appears  to  be  more 
disturbed,  fluctuating  more  intensity  close  to  the  wall.  This 
fact  suggests  that  flow  in  the  boundary  layer  on  the  outer 


cylinder  is  more  affected  by  curvature.  It  must  be  repeated, 
however,  that  optical  distortions  are  maximum  near  the 
outer  wall,  and,  it  is,  therefore,  difficult  to  quantify  the 
boundary  layer  thickness. 


Fig.  7  Dimensionless  instantaneous  velocity  along  the  gap 
in  the  (r,z)  plane,  (a)  Ta=0.21xl0^  (b)  Ta=6.02xl0  ,  (c) 
Ta=5.96xl0’^and  (d)  Ta=2.45xl0*. 

The  velocity  profiles  shown  in  the  Figures  7  and  8 
correspond  to  the  (r,z)  plane  measurements.  One  can 
observe  in  the  Figure  7.a  that  the  velocity  profile  is 
characteristic  of  a  laminar  rotational  flow,  typical  of 
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Taylor  cells  with  a  very  slow  circulation  velocity.  When  the 
Taylor  number  increases  (from  Ta=5.96xl0^),  the 
characteristic  of  laminar  rotational  flow  disappears  and  is 
replaced  by  flow  with  larger  fluctuation  with  irregular 
aspects.  At  all  Taylor  numbers,  the  mean  velocity  is  zero  in 
(r,z)  plane. 

We  have  evaluated  the  angular-momentum  ratio 
defined  by  the  following  equation: 

with  i  =  eorz  (9) 

where,  vj  is  the  velocity  in  the  9  and  z  direction,  Vj-qj  is  the 
rotational  velocity  and  Rj  is  the  radius  of  the  inner  cylinder. 


Fig.  8  Dimensionless  instantaneous  velocity  along  the  gap 
in  the  (r,z)  plane,  (a)  Ta=:4.76xl0^  (b)  Ta=2.0xl0'°,  (c) 
Ta=0.48xl0''  and  (d)  Ta=O.llxl0’^. 


The  mean  angular-momentum  is  almost  constant 
across  the  gap  for  larger  Taylor  numbers.  For  the 
measurements  in  the  (r,0)  plane,  the  mean  angular- 
momentum  ratio  is  close  to  0.50,  when  the  Taylor  numbers 
are  larger  than  6.02x10®  (this  value  is  the  same  found  by 
Smith  and  Townsend,  1982).  This  fact  suggests  that  for 
high  Taylor  number  the  outflow  is  not  affected  by  the 
curvature  effect  associated  with  the  cylinder  surfaces,  and 
in  this  it  is  similar  to  boundary  layer  flow  in  channels. 
Nevertheless,  for  the  measurements  in  the  (r,z)  plane,  the 
mean  angular-momentum  ratio  is  constant  and  it  is  zero, 
also,  when  Taylor  numbers  are  larger  than  6.02x10®.  In  the 
same  way,  the  outflow  in  this  plane  is  not  affected  by  the 
curvature  of  the  cylinder  surfaces. 

From  the  Equation  9,  we  can  have  one  equation  to 
determine  the  outflow  velocity  in  the  plane  (r,0),  for  Taylor 
numbers  larger  than  6.02x10  ,  which  may  approximate  the 
outflow  velocity  in  region  of  90%  of  the  gap.  This  equation 
is  the  following: 


ve  =  0.5v,ot(^^j 

The  spatial  one-dimensional  and  one-sided 
spectral  density  function  gives  further  information  about  the 
flow  behavior.  For  example,  the  spectral  density  function  of 
a  periodic  signal  gives  a  maximum  in  the  characteristic 
wave  number  of  the  signal.  In  case  the  dynamic  system 
has  a  quasi-periodic  behavior,  then  the  spectral  density 
function  presents  several  maxima  that  correspond  to  the 
wave  numbers  of  unrelated  phenomena.  On  the  other  hand, 
the  spectra]  density  function  for  a  random  signal  has  a 
continuous  spectral  representation  over  a  large  bandwidth 
of  wave  numbers  that  characterizes  a  disordered  behavior. 
The  degree  of  disorder  of  a  system  is  associated  with  the 
wave  number  bandwidth  of  the  spectral  representation.  The 
spectral  density  function  may  be  evaluated  by  the  following 
equation  (Bendat  and  Poersol,  1985  and  Tennekes  and 
Lumley,  1972): 

. 1  <"> 

where  x(r)  is  the  recorded  signal  of  the  measurements 
along  the  gap  with  a  zero  average.  It  follows  that  each 
record  of  x(r)  is  Xj(r)  that  corresponds  to  the  instantaneous 
measurements  for  j=l,2,  ...,0^.  Xj  is  the  finite  Fourier 
transform  over  N  digital  values  distribute  along  the  gap 

with  width  d.  is  the  discrete  wave  number  for  i=l,2 . 

Finally,  n^j  is  the  averaging  operation  that  was  of  order  ten 
in  our  calculation. 


Fig.  9  One-dimensional  and  one-sided  spectral  density 
function  in  the  (r,z)  plane,  (a)  Ta=0.21xl0®,  (b) 

Ta=6.02xl0®,  (c)  Ta=5.96xlo''  and  (d)  Ta=2.45xl0®. 


The  spectral  density  function  was  determined,  for 
the  (r,z)  plane  using  the  instantaneous  velocity  signal,  in 
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this  case  x(r)=v^(r).  The  spectral  density  function  was  also 
evaluated,  for  (r,0)  plane  using  the  angular  momentum 
(Xj(r)=rv^(r)).  Note  that  the  average  velocity  profile  changes 
significantly  along  the  gap.  One  Fundamental  wave  number 
with  large  amplitude  that  represents  the  average  velocity 
oscillation  along  the  gap  appears  in  the  spectral  density 
function.  The  amplitude  of  the  fundamental  wave  number  is 
much  larger  than  the  amplitudes  correspond  to  the  wave 
numbers  of  the  intrinsic  oscillation  of  the  instantaneous 
velocity.  In  this  case,  the  qualitative  feature  of  the  spectral 
density  function  is  better  analyzed  using  the  instantaneous 
angular  momentum  rather  than  the  velocity. 


9- 

% 

E 

«•> 

> 

Ia - - - 

e 

u 

O 

o- 

WL _ 

0 

-  T  '  «  1  »  ‘ 

2  4  6  4  10 

K  (cin-l) 

(a) 

0 

2  4  6  ft  lb 

K  (cm”l) 

(b) 

^  8 
V- 

Sa- 

L 

fs- 

'll 

u 

?*■ 

£8- 

°-L 

1  ^ - r“"  I  1 

Lp.  .  ;  I  I  I  " — r*  - 1— T - 1 - 1 - r 

0246S  10  02464  10 

K(cm-l)  K(cm-*) 

(c)  <<1) 


Fig.  10  One-dimensional  and  one-sided  spectral  density 
function  in  the  (r,z)  plane,  (a)  Ta=l. 63x10  ,  (b) 

Ta=4.76xl0’,  (c)  Ta=2.0xl0‘°  and  (d)  Ta=:0.11xl0‘^. 

Figures  9  and  10  show  the  spectral  density 
function  for  several  Taylor  numbers  in  the  range 
0.21xlO^<Ta<0.11xlo'^.  Physically,  these  figures  represent 
the  energy  flow  as  a  function  of  the  wave  number.  The  flow 
feature  is  typically  toroidal  eddies  with  a  regular  wave 
number  (K=0.198  cm  '),  that  is,  the  Taylor  cells,  which 
have  a  characteristic  scale  with  the  same  dimension  of  the 
gap  (see  also  the  flow  visualization  presented  in  Biage  et  al. 
(1996)).  The  spectral  density  function  represents  other 
maxima  with  significant  energy  (amplitude)  when  the 
Taylor  number  increases.  In  reality,  the  flow  becomes 
more  irregular,  with  important  contributions  on 
characteristic  scales  less  than  the  fundamental  scale 
(approximately  0.198).  The  Figures  9.d  and  Figure  10 
support  this  analysis.  We  can  conclude  that  the  flow  is 
almost  perfectly  periodic,  for  Taylor  number  less  than 
5.96x10  .  For  Taylor  number  larger  them  this,  the  flow 
structure  is  quasi-periodic  with  contributions  from  several 
characteristic  wavelengths.  This  flow  structure  persists  for 
the  higher  Taylor  numbers  studied  in  this  work  (Fig.  lO.d). 
While  we  have  presented  only  the  spectral  density  function 


for  the  (r,z)  plane,  the  measurements  in  the  (r,9)  plane  gave 
the  same  results. 


The  degree  of  coherence  of  the  oscillations  may 
be  assessed  more  precisely  from  measurements  of  the  auto¬ 
correlations  of  the  instantaneous  velocity.  The  spatial  one¬ 
dimensional  auto-correlation  function  characterizes  the 
similitude  of  one  variable  in  a  position  r  with  their  values 
in  another  position  (r-i-Q,  where  ^  is  the  wavelength.  The 
periodic  or  quasi-periodic  signals  keep  theirs  internal 
similitude  along  the  space.  We  can  say  that  a  system 
behavior  is  predictable,  because  if  one  know  the  signal 
characteristic  of  a  specific  position,  one  can  predict  the 
signal  behavior  of  another  position  (r+^)  (Bendat  and 
Piersol,  1985).  The  similitude  rate  of  a  signal  is  obtained  in 
the  auto-correlation  function  by  taking  the  ratio  of  the 
principal  maximum  (^=0)  to  the  secondary  maxima.  When 
the  flow  is  random,  the  auto-coirelation  function  tends  to 
zero  quickly  when  ^  increases  and  the  secondary  maxima 
disappear.  A  rtmdom  signal  is  non-predictable  because  it 
progressively  loses  its  internal  similitude. 

To  estimate  the  unbiased  one-dimensional  auto¬ 
correlation  function,  we  use  the  following  equation  (Bendat 
and  Poersol,  1985  and  Tennekes  and  Lumley,  1972): 

Rxx(^)  =  T7^Rxx(^).  'Vi*  m  =  l . N-1  (12) 

where  ^  represent  the  oscillation  wavelengths,  are  auto¬ 
correlation  function,  Rxx's  *e  biased  auto-correlation 
function  computes  from  the  Fourier  transform  of  the  two- 
sided  spectral  density  function  estimated  from  a  sequence 
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of  2N  values.  The  other  variables  are  the  same  as  for  the 
spectral  density  function. 
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Fig.  12  One  -dimensionjil  auto_correlation  in  the  (r,z) 
plane,  (a)  Ta=1.69xl0®.  (b)  Ta=4.76xl0®,  (c)  Ta=2.0xl0'“ 
and  (d)Ta=0.11xlo'^. 


To  compute  more  accurately  the  auto- correlation 
function  and  verify  the  coherence  of  the  velocity 
fluctuation,  we  have  evaluated  the  auto-correlation  function 
from  a  sequence  of  ten  samples  of  the  instantaneous 
velocity.  This  procedure  indicates  the  coherence  of  the 
signal  much  more  clearly. 

Figures  11  and  12  show  the  auto- correlation 
function  for  several  Taylor  numbers  in  the  range  of 
0.21xl0^<Ta<0.11xl0’^.  The  flow  structure  for  Taylor 
numbers  less  than  5.97x10^  is  dominated  by  larger  toroidal 
eddies  that  cover  the  gap,  with  a  wavelength  the  same 
order  as  the  gap  characteristic  length.  When  the  Taylor 
number  becomes  larger,  the  flow  structure  shows  irregular 
fluctuations  similar  to  quasi-periodic  signal.  Nevertheless, 
even  for  the  highest  Taylor  number  studied  in  this  work,  the 
flow  is  far  from  a  random  and  exhibits  quasi-periodic 
behavior.  We  can  take  the  Ta=5.96xl0^  as  a  number  that 
characterizes  the  transition  of  the  flow  structure  from  one 
dominated  by  Taylor  cells  to  another  where  the  irregular 
motions  of  fluctuations  are  predominant  in  the  flow.  If  we 
use  the  visualization  study  presented  in  Biage  et  al.  (1996), 
we  can  associate  this  irregular  motion  as  the  Gbltler 
instability  or  instability  of  second  kind.  The  same 
observation  could  have  been  extracted  from  the  auto¬ 
correlation  function  evaluated  from  the  instantaneous 
velocity  in  the  (r,0)  plane. 

In  conclusion,  the  full  interpretation  of  these 
figures  gave  a  new  understanding  of  the  structure  of  the 
Taylor-couette  flow.  The  results  also  show  the  potential  of 
the  PHANTOMM  technique  for  investigating  spatial 
instabilities  in  confined  flows. 
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abstract 

This  paper  describes  measurements  of  ve¬ 
locity  and  temperature  using  photothermal  ef¬ 
fect  in  turbulent  flow.  We  developed  a  new 
differetial  interferometer  for  detecting 
small  phase  variation  caused  by  photother¬ 
mal  effect  without  influence  of  turbulent 
phase  fluctuation.  The  detected  fringe  point 
of  the  interferometer  is  scanned  repeatedly 
by  moving  a  photomultiplier.  An  electric  sys¬ 
tem  for  operarting  compulsori 1 ly  the  inter¬ 
ferometer  at  maximum  inclination  point  of 
fringe  intensity  curve  is  constructed.  Using 
jet  of  nitrogen  gas  mixed  with  ethylene  gas, 
it  is  confirmed  that  this  method  is  a  useful 
tool  to  measure  velocity  and  temperature  in 
turbulent  flow.  Lastly,  the  advanced  inter¬ 
ferometers  are  proposed. 

1.  INTRODUCTION 

The  laser  Doppler  velocimeter  (LDV), 
which  has  some  advantages  such  as  non-per¬ 
turbing  quality,  capability  of  remote  opera¬ 
tion  and  high  spatial  resolution,  has  been 
well  developed  to  measure  flow  velocity. 
However,  the  LDV  [Durst.  Mel  ling  and  Whitelaw 
(1381)]  needs  to  seed  scattering  particles  in 
flow.  Recently,  to  be  freed  from  this  prob¬ 
lem,  velocimeters  using  photothermal  effect 
have  been  investigated  [Nie,  Hane  and  Gupta 
(1986)].  In  this  study  we  investigated  on 
measurements  of  flow  velocity  and  temperature 
using  laser  photothermal  effect.  The  non- 
intrusive  methods  of  temperature  measurement 
in  a  flame  that  have  been  proposed  and  demon¬ 
strated  (CARS  [Attal.  Mueller-Dethlefs,. 


Debarrc  and  Taran(1982)]  or  LIF  [Daily 
(1977)]  rely  on  a  measurement  of  Boltzman 
dsitribution  among  rotational  sublevels  of 
the  molecules.  Therefore,  one  must  assume 
that  the  thermal  equilibrium  exists,  which  is 
not  always  found  to  be  the  case.  These  tech¬ 
niques  have  further  following  problems;  Sig¬ 
nal  intensity  obtained  by  CARS  is  very  weak 
because  of  using  non-linear  effect.  LIF  is 
suffered  from  quenching  effect.  Photo-acous¬ 
tic  deflection  spectroscopy  free  from  these 
problems  was  proposed  by  Rose,  Salamo  and 
Gupta  (1984)  to  measure  gas  temperature. 
Propagation  velocity  of  a  photoacoustic  pulse 
(sound)  produced  by  the  heating  and  the 
thermal  expansion  of  the  pump  laser-irradi¬ 
ated  region  is  detected  by  deflection  of 
probe  beams.  The  fast  refractive  variation 
caused  by  the  sound  is  about  a  fifth  of  that 
caused  by  a  photothermal  effect.  We  needed  to 
increase  detection  sensitivity  for  obtaining 
reliable  data.  The  fiber  heterodyne  inter¬ 
ferometer  which  we  developed  [Nakatani  et  al. 
(1989),  (1991)]  can  not  be  used  for  this  pur¬ 
pose  because  of  low  response.  In  the  previous 
study,  in  order  to  increase  the  detection 
sensitivity  of  the  fast  refractive  variation, 
we  developed  a  differential  interferometer 
[Nakatani  et  al.(1994)].  The  operation  point 
of  the  interferometer  is  set  on  the  maximum 
inclination  of  fringe  intensity  curve  by  the 
use  of  a  piezomechanical  translator.  The 
time-of-fl ight  method  measuring  the  differ¬ 
ence  between  phase  at  two  focal  points  was 
used  for  measuring  flow  velocity  and  tempera¬ 
ture.  In  turbulent  flow,  however,  it  is  dif- 
ficut  to  set  the  operation  point  of  this  in¬ 
terferometer  because  of  the  large  phase  vari- 
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Figure  1  Schematic  diagram  of  a  new  differential  interferometer  for  measurements  of  velocity  and 
temperature  in  turbulent  flow  using  laser  photothermal  effect.  The  interferometer  is  compulsori¬ 
ly  operated  at  maximum  inclination  point  of  fringe  intensity  curve  by  an  electric  system. 


Figure  2  Block  diagram  of  an  electric  system  for  operating  compulsorily  the  interferometer  at 
maximum  inclination  point  of  fringe  intensity  curve. 


ation  around  a  limited  measuring  part. 

In  this  study  for  eliminating  this  dif¬ 
ficulty  we  describes  a  new  differential  in¬ 
terferometer  operated  compulsorily  at  maximum 
inclination  point  of  fringe  intensity  curve 
by  an  electeric  system.  Using  turbulent  jet 
of  nitrogen  gas  mixed  with  ethylene  gas,  it 
is  confirmed  that  this  method  is  a  useful 
technique  to  measure  temperature  and  velocity 
in  turbulent  flow.  Lastly,  two  new  interfero¬ 
meters  using  fibers  and  phase  conjugators  are 


proposed. 

2.  NEW  DIFFERENTIAL  INTERFEROMETERS 

A  laser  beam  is  passed  through  a  Wolla¬ 
ston  prism  for  dividing  two  beams  and  ob¬ 
taining  two  focai  points  of  time-of-fi ight 
method.  The  detection  point  of  the  two  beam 
interferece  fringes  is  scanned  repeately  by 
moving  the  photomui tipi ier  and  the  electric 
triggering  system  is  used  for  operating  com- 
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Figure  3  Triggering  data  storage  in  the  elec¬ 
tric  system  shown  in  Fig.  2. 


pulsorily  the  interferometer  at  maximum  in¬ 
clination  point  of  fringe  intensity  curve. 

The  experimental  set  up  of  the  constructed 
interferometer  is  shown  in  Figure  1.  A  He-Ne 
laser  of  wavelength  632  nm,  power  5  mW  and 
beam  diameter  1  mm  was  used  as  the  light 
source.  The  laser  beam  is  expanded  to  10  mm 
diameter  by 'lenses  LI  and  L2  for  making  focal 
point  small.  The  expanded  two  beams  is  passed 
through  a  Wollaston  prism  1  of  10  mrad  or  2.5 
mrad  in  dividing  angle  a  for  dividing  two 
beams.  The  divided  beams  are  focused  on  two 
points  with  a  spherical  lens  L3  of  Fj=  100 
mm  or  200  mm  in  focal  length.  The  distance 
between  the  two  focal  points  is  0.5  mm,  1  ram 
and  2  ram  for  a  -  2.5  mrad  and  Fa^  200  mm, 
a  =  10  mrad  and  F3=  100  mm,  and  a  =  10 
mrad  and  Fj  =  200  mm,  respectively.  When  puff 
of  phase  variation  by  phototherraal  effect 
passes  through  the  two  focal  point,  the 
phases  of  the  beams  is  varied.  The  beams  are 
collimated  with  a  spherical  lens  L4  of  100  mm 
or  200  mm  in  focal  length,  and  are  passed 
through  a  Wollaston  prism  2  of  2.5  mrad  or  10 
mrad  in  combining  angle  a  for  combining  two 
beams  and  increasing  visibility  of  inter¬ 
ference  fringe.  The  Wollaston  prism  2  is  set 
at  a  little  back  distance  from  the  back  focal 
point  of  the  lens  L4  for  making  broad  inter¬ 
ference  fringes.  The  two  beams  of  orthogo¬ 
nally  electric  vectors  are  interferenced 
through  an  analyzer.  The  interference  light 


is  received  with  a  photomultiplier  through  a 
rectangular  slit  of  1  mm  x  150  ,um  for  in¬ 
creasing  visibility.  The  difference  between 
the  phases  of  the  beam  for  upstream  focal 
point  and  the  beam  for  downstream  focal  point 
changed  the  intensity  of  interference  fringe. 
As  the  two  beams  are  close  to  each  other,  the 
phase  variation  at  the  two  focal  points  is 
detected  mainly.  The  fringe  detecting  point 
of  the  interferometer  is  scanned  repeatedly 
by  moving  a  photomultiplier  for  searching 
maximum  inclination  point  of  fringe  intensity 
curve.  The  photomultiplier  is  mounted  on  a 
mechanical  stage  driven  by  a  step  motor.  The 
output  of  the  photomultiplier  is  put  into  an 
electric  triggering  system  and  a  data 
storage.  The  electric  triggering  system  is 
constructed  for  operating  compulsorily  the 
interferometer  at  maximum  inclination  point 
of  fringe  intensity  curve.  The  trigger  pulse 
is  used  for  triggering  a  pumping  pulse  laser 
and  the  data  storage.  The  block  diagram  of 
the  electric  triggering  system  is  shown  in 
Figure  2.  The  output  voltage  Vp  of  the 
photomultiplier  is  compared  with  the  re¬ 
ference  voltage  Vr  set  the  voltage  at  the 
maximum  inclination  point  of  fringe  intensity 
curve.  When  V„  crosses  either  over  v„  or 
under,  a  pulse  geneartor  generates  a  pulse 
for  triggering  a  digital  storage  and  a 
pumping  laser  as  shown  in  Figure  3.  After  1.5 
s  from  a  pulse  generation,  the  pulse  generator 
is  switched  on  again  by  the  pulse  passed 
through  the  delay.  A  TEA  CO2  pulse  laser  is 
used  as  a  pumping  beam  to  produce  photo¬ 
acoustic  sound  and  phtothermal  puff.  The 
time-of-fl ight  method  is  used  to  measure 
photoacoustic  sound-velocity  for  gas  tempera¬ 
ture  measurement  and  velocity  of  phototherraal 
puff  for  flow  velcoty  measurement.  The 
analyzing  method  of  the  signals  of  the  inter¬ 
ferometer  was  described  [Nakatani  et  al. 
(1994)]  for  obtaining  sound  velocity  and  flow 
veloci ty. 

An  advanced  differential  interferometer 
using  fibers  and  a  laser  diode  is  shown  in 
Figure  4.  This  system  is  compact  in  light 
source  part  and  need  not  move  the  detector 
for  scanning  fringe  compared  with  the  Figure 
1.  The  current  modulation  of  a  laser  diode 
driver  leads  to  the  wavelength  modulation  of 
the  laser  diode.  The  output  of  the  laser 
diode  is  divided  into  two  beams  by  the  use  of 
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Figure  4  Schematic  diagram  of  a  differential  interferometer  using  a  laser  diode  and  fibers, 
(a):  Light  source  part,  (b):  measuring  part. 


a  fiber  couppler.  One  output  fiber  of  the  analyzer.  The  light  of  the  interference 

couppler  is  longer  than  that  of  another  fiber  fringe  is  received  by  a  photodetector.  The 

for  moduating  interference  fringe.  The  end  operation  point  of  the  interference  fringe 

part  of  the  output  fibers  is  paralell  to  each  jjg  scanned  by  the  modulation  fringe 

fiber  and  a  fiber  array.  The  two  output  beams  without  moving  the  detector.  The  electric 
are  collimated  by  a  lens  LI  and  are  focused  system  shown  in  Fig.  2  is  used  for  operating 

by  a  lens  L2.  The  focal  points  are  measuring  compulsorily  the  interferometer  at  maximum 

part.  The  beams  are  collimated  by  a  lens  L3  inclination  point  of  fringe  intensity  curve, 

and  are  passed  through  a  Wollaston  prism  for  constructed  fiber  interferometer 

combining  two  beams  and  increasing  visibi-  ^  using  two  self-pumped  phase  conjugater  (SPPC) 
lity.  The  Wollaston  prism  is  set  at  a  little  jj  shown  in  Figure  5  for  eliminating  the 

back  distance  from  the  back  focal  point  of  influence  of  phase  variations  in  the  fiber 

the  lens  for  making  broad  interference  used  and  around  limited  measuring  part.  A 

fringes.  The  two  beams  of  orthogonally  elec-  photo-refractive  crystal  of  Ce-BaTiOj  is  used 

trie  vectors  are  interferenced  through  an  as  the  SPPC.  The  response  time  of  the  crystal 
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Figure  5  Schematic  diagram  of  a  fiber  interferometer  using  two  self-pumped  phase  conjugators 
■for  measurements  of  velocity  and  temperature  in  turbulent  flow  of  a  large  flow  field. 


to  phase  variation  is  1  s.  This  interfero¬ 
meter  is  useful  to  eliminate  the  influence  of 
slow  phase  variation.  The  length  of  the  meas¬ 
uring  part  can  be  changed  by  changing  the 
focal  lengths  of  the  lenses  LI  and  L2.  The 
operation  point  of  the  interference  fringe 
can  be  scanned  by  the  use  of  a  piezo  mecha¬ 
nical  translator  (PZT).  The  electric  system 
shown  in  Fig.  2  is  used  for  operating  com¬ 
pulsorily  the  interferometer  at  maximum 
inclination  point  of  fringe  intensity  curve. 
This  interferometer  is  useful  to  measure 
large  flow  field. 

3.  PHASE  FLUCTUATION  OF  THE  DIFFERENTIAL 
INTERFEROMETER  IN  TURBULENT  FLOW  MEAS¬ 
UREMENT 

We  investigated  on  phase  fluctuation 
of  the  differetial  interferometer  shown  in 
Figure  1  in  various  optical  parameters  in 
turbulwnt  flow  meaurement.  The  nozzle  of  4.7 
mm  in  diameter  is  used.  Nitrogen  gas  mixed 
with  ethylene  gas  is  used  as  a  fluid. 
Reynolds  number  is  3400.  The  phase  variation 


arises  from  large-scale  air  entrainment  by 
the  jet  and  turbulent  mixing.  The  output 
variations  of  the  photomultiplier  were 
measured  in  various  optical  parameters.  The 
power  spectrum  densities  of  the  outputs  are 
shown  in  Figure  G.  Figures  (a)~(c)  are  in 
turbulent  state  and  (d)  is  in  laminar  state.  . 
Figure  (a)  (the  focal  length  of  the  lens  L3 
F3  =  100  mm,  the  dividing  angle  of  the  Wolla¬ 
ston  prism  1  a  =  10  mrad,  the  distance  be¬ 
tween  two  focal  points  d  =  1.0  mm)  shows 
largest  phase  variation  because  of  largest 
focusing  angle.  The  phase  variation  of  Figure 
(b)  (Fj  =  200  mm,  a  =  10  mrad,  d  =  2.0  mm) 
is  larger  than  that  of  Figure  (c)  (F3  =  200 
mm,  a  =2.5  mrad,  d  =  0.5  mm)  because  of 
large  distance  between  two  focal  points.  The 
power  spectrum  densities  in  the  optical  con¬ 
ditions  (a)~(c)  and  in  laminar  state  are 
same  as  shown  in  Figure  (d). 

To  reduce  the  influence  of  phase  fluctua¬ 
tion  in  turbulent  flow,  it  is  concluded  that 
the  focal  length  of  the  focusing  lens  should 
be  made  longer  and  that  the  distance  between 
the  two  focal  points  should  be  made  shorter. 
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Figure  6  Power  spectrum  densities  of  fluctuation  of  phase  difference,  (a)  ~  (c)  are  in  tur¬ 
bulent  state.  0  dBv  =  8.35  A  iX-  wavelength  632. 8nm).  (a):  The  focal  length  of  the  lens  L3 
F3  =  100  mra,  the  divding  angle  of  the  Wollaston  prism  1  a  =  10  mrad,  the  distance  between  two 
focal  points  d  =  1.0  mm,  (b):  Fa  =  200  mm,  a  =  10  mrad,  d  =  2.0  ram,  (c) :  Fa  =  200  mm,  a  = 

2.5  mrad,  d  =  0.5  mm,  (d);  in  laminar  state  for  optical  conditions  (a)~(c). 


4.  MEASUREMENT  OF  FLOW  TEMPERATURE  AND 
VELOCITY 

Using  jet  of  nitrogen  gas  mixed  with 
ethylene  gas,  it  is  confirmed  that  this 
method  is  a  useful  technique  for  measuring 
flow  temperature  and  velocity.  The  interfero¬ 
meter  shown  in  Figure  1  was  used  in  this  ex¬ 
periment.  In  turbulent  flow  of  Reynolds 


number  3400  the  variation  of  phase  difference 
put  out  from  the  photomultiplier  is  shown  in 
Figure  7.  Figure  8  shows  a  typical  oscillo¬ 
scope  trace  of  a  photoacoustic  signal  in 
temperature  measurement.  The  trace  shows 
that  the  measurement  is  not  influenced  with 
turbulent  phase  fluctuation.  The  velocity 
obtained  from  the  elapsed  time  2.70  ys  and 
the  distance  between  the  two  focal  points  d 
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Figure  7  Typical  oscilloscope  trace  of  vari¬ 
ation  of  phase  difference  in  turbulent  flow. 
Reynolds  number  is  3500.  X  is  wavelength. 


Figure  8  Typical  oscilloscope  trace  of  photo¬ 
acoustic  signal  for  temperature  measurement 
in  turbulent  flow.  The  distance  d  between  the 
two  focal  points  is  0.98  mm. 


=  0.98  mm  is  363  m/s.  Figure  9  shows  a  typi¬ 
cal  oscilloscope  trace  of  a  photothermal  sig¬ 
nal  in  flow  velocity  measurement.  The  trace 
shows  that  the  measurement  is  not  almost 
influenced  with  turbulent  phase  fluctuation. 
The  flow  velocity  obtained  from  the  elapsed 
time  75.3  u,s  and  the  distance  between  the 
two  focal  points  d  =  0.98  mm  is  13.0  m/s. 


Figure  9  Typical  oscilloscope  trace  of  photo- 
thermal  signal  for  measurement  of  velocity 
in  turbulent  flow.  The  distance  d  between  the 
two  focal  points  is  0.98  mm. 


The  sound  velocity  is  350  m/s.  The  tempera¬ 
ture  is  given  as 

T  =  (M/r  (T)R)  .  V,^  (1) 

where  M  is  average  molecular  weight  of  the 
gases  in  the  flame,  R  is  the  universal  gas 
constant,  V,  is  the  sound  velocity,  and 
7 (T)  is  the  temperature-dependent  average 
specific  heat  ratio  at  constant  volume.  The 
obtained  temperature  297  k  is  almost  same  as 
room  temperature.  These  experimental  results 
show  that  the  system  is  useful  to  measure  ve¬ 
locity  and  temperature  in  turbulent  flow. 
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ABSTRACT 

A  general  procedure  to  estimate  time  and  spatial 
autocorrelation  function  of  non-stationary  in-cylinder  LDV 
data  is  given.  The  method  was  applied  to  the  tangential 
component  of  the  instantaneous  velocity  within  a  motored 
single-cylinder  d.i.  Diesel  engine  (0.435  liter,  21:1 
compression  ratio)  equipped  with  a  re-entrant  combustion 
chamber  using  a  Laser  Doppler  Velocimetry  (LDV)  system. 
Moreover,  a  two-probe  volume  LDV  system  was  used  to 
measure  directly  the  spatial  autocorrelation  coefficient  along 
the  radial  direction  of  the  tangential  velocity  component. 

Measurements  of  the  instantaneous  velocity  were 
carried  out  on  a  horizontal  plane  at  5  mm  below  the  engine 
head  for  different  radii  from  70  degrees  before  TDC  to  30 
degrees  after  TDC  of  both  the  compression  and  expansion 
strokes.  The  engine  was  motored  at  1,000,  1,500,  and  2,000 
rpm,  respectively.  An  ensemble-averaging  technique  was 
performed  to  analyze  data  estimating  the  integral  time  scale 
from  the  single  point  autocorrelation  function.  The  spatial 
integral  lengtii  scale  was  also  computed  through  the  Taylor's 
hypothesis.  Further,  the  direct  estimate  of  the  lateral  integral 
length  scale  was  also  performed  measuring  the  spatial 
autocorrelation  coefficient  of  the  velocity  fluctuation  for 
different  separations. 


1.  INTRODUCTION 

The  complex  nature  of  the  flow  field  in  an  internal 
combustion  engine  in  terms  of  its  non-stationarity,  and  non¬ 
homogeneity  has  been  a  matter  of  investigation  using  both 
Hot  Wire  Anemometry  (HWA),  Tindal  et  al.,  1982,  Catama, 
1985  and  Laser  Doppler  Velocimetry  (LDV),  Witze  et  al., 
1984,  Bertoli  et.  al,  1985,  Hall  &  Bracco,  1987,  Fansler  & 
French,  1988. 

The  turbulent  field  can  be  characterized  by  the 
following  parameters:  the  mean  motion,  turbulence  intensity, 
and  spatial  and  time  scale.  However,  the  interpretation  of  the 
in-cylinder  single-point  measurements,  to  compute  correctly 
those  parameters,  is  still  a  matter  of  controversy.  In  fact,  the 
development  of  algorithms  suitable  for  processing  the 
parameters  of  interest  must  challenge  the  presence  of  cycle- 


to-cycle  variation  in  the  mean  flow  that  ranges  on  time  scales 
of  milliseconds  that  are  the  same  orders  of  magnitude  as 
typical  temporal  scales  of  turbulence,  Catania  &  Mittica, 
1990,  Fraser  &  French,  1988.  Moreover,  to  give  reliable 
results  on  spatial  scales,  simultaneous  multi-point 
measurements  should  be  made  to  evaluate  the  integral  length 
scale  without  invoking  the  Taylor’s  hypothesis.  During  the 
last  decade  measurements  of  the  lateral  integral  length  scale 
have  been  made  m  engines  by  simultaneous  multi-point 
measurements  in  a  variety  of  engine  speed  and  combustion 
chamber  shape,  Ikegami  et  al.,  1987,  Glover  et  al.,  1988, 
Fraser  &  Bracco,  1988,  Corcione  &  Valentino,  1990.  The 
characterization  of  the  flow  in  terms  of  turbulent  scales  is 
assuming  an  important  role  for  the  calibration  of  turbulence 
models  in  3-D  numerical  codes,  Han  et  al.,  1996. 

The  present  paper  aims  at  focusing  the  procedure  to 
evaluate  time  and  spatial  scale  from  LDV  measurements 
carried  out  within  a  single  cylinder  direct  injection  (d.i.) 
diesel  engine.  Both,  single  point  and  multi-point 
measurements  have  been  earned  out  during  compression  and 
expansion  to  provide  results  of  integral  time  and  spatial 
scale.  The  paper  is  organized  as  follows:  in  the  next  section 
the  experimental  set-up  is  given,  while  the  section  following 
gives  detail  about  the  time  and  spatial  autocorrelation 
procedure.  Further,  will  be  given  the  results  and  a  summary 
of  the  main  points  obtained. 


2.  EXPERIMENTAL  SET-UP 
2.1  Engine 

Tests  were  carried  out  on  an  optically  accessed 
engine  able  to  run  at  high  speed  without  lubricating  oil.  The 
engine,  representative  of  a  modem  light-duty  Diesel  engine 
for  passenger  cars,  was  manufactured  by  modifying  a 
pommercial  single-cylinder  diesel  engine  of  86  mm  bore,  75 
mm  stroke,  and  a  volumetric  compression  ratio  of  21:1.  To 
use  combustion  chambers  with  different  geometry  and  to 
maVp  LDV  measurements  along  horizontal  planes  located  at 
different  distance  below  the  engine  head,  the  engine  was 
equipped  with  a  quartz  window  on  the  head.  The  size  of  the 
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quartz  window  (30  mm  diameter)  allowed  to  investigate  the 
squish  area  and  half  part  of  the  chamber  even  if  the 
combustion  bowl  axis  had  an  offset  of  6  mm  with  respect  to 
the  cylinder  axis.  In  order  to  avoid  oil  vapor  within  the 
measmement  volume,  the  engine  was  run  without  lubricating 
oil  using  sealing  bearings  on  the  engine  crank-shaft  and 
coimecting  rod,  and  with  auto-lubricating  bronze-teflon 
piston  rings.  Moreover,  to  avoid  the  passage  of  oil  vapor 
from  the  bottom  of  the  engine  towards  the  cylinder  and 
combustion  chamber,  the  engine  crank-shaft  was  sealed. 
These  devices  greatly  reduced  the  problem  of  window 
fouling  and  allowed  the  engine  to  run  up  to  15  min.  at  1,000 
rpm,  10  min.  at  2,500  rpm.  These  temporal  intervals  were 
further  increased  using  as  seeding  molybdenum  disulfide 
(M0S2),  self-lubricating  particles  instead  of 

conventional  titanium  dioxide  (Ti02)  particles  that  are  very 
abrasive  for  pistons  and  cylinders. 

2.2  LDV  System 

The  LDV  system  comprises  an  argon-ion  laser  which 
utilizes  the  two  lines  at  488  and  514.5  nm,  standard  optics  by 
Dantec  working  in  backscatter  mode,  two  photomultipliers, 
and  two  burst  spectrum  analyzers  (BSA).  TTie  signal  quality 
of  the  individual  component  was  improved  by  introducing  an 
optical  fiber  between  the  laser  beam  output  and  the  standard 
optics.  The  system  can  extract  Doppler  frequencies  from 
bursts  with  a  very  poor  signal  to  noise  ratio,  and  provides  a 
high  data  rate  at  high  engine  speeds  with  more  than  80%  of 
validated  data.  An  optical  shaft  encoder,  with  a  basic 
resolution  of  0. 1  crank  angle  degree,  was  connected  directly 
to  the  engine  crank-shaft  to  drive  a  trigger  device  for  the  two 
BSA's.  Data  were  sent  to  a  PC  computer  via  a  IEEE488 
parallel  interface  and  analyzed  off-line. 


before  TDC  to  30°  after  TDC.  Figure  1  shows  the  gometry  of 
the  combustion  chamber  used  in  the  present  tests  and  the 
location  of  the  measurement  points  (A,  B).  Measurements  of 
the  tangential  velocity  component  were  taken  on  the 
horizontal  plane  at  z=5  mm  below  the  engine  head  and  at  20, 
and  16  mm  from  the  cylinder  axis,  respectively.  Further,  the 
lateral  integral  length  scale  was  directly  computed,  at  r=20 
mm  (A)  from  the  cylinder  axis,  as  the  integral  of  the  spatial 
autocorrelation  coefficient  measured  for  adjacent  separations 
at  1,000  and  1,500  rpm.  M0S2  particles  of  about  Ifjm  were 
supplied,  by  means  of  a  cyclone  chamber,  into  the  intake 
duct.  Data  treatment  was  performed  using  ensemble¬ 
averaging  the  instantaneous  velocity  data  collected  on  about 
1,000  consecutive  engine  cycles  in  which  the  data  validation 
was  in  the  range  80  to  90%  depending  on  the  engine  speed. 


Figure  1.  Combustion  chamber  shape  and  location  of 
measurement  points. 


3.  DATA  PROCESSING 

3.1  Time  Autocorrelation  Function 


2.3  Two-Probe  Volume  LDV  System 

The  system,  used  to  make  in-cylmder  measurements 
of  the  spatial  autocorrelation  coefficient  under  motoring 
conditions,  was  a  two-probe  volume  LDV  system,  Corcione 
et  al.,  1996,  made  by  a  four  beam  LDV  system  that  produces 
two-probe  volumes.  One  probe  volume  is  fixed,  another  one 
can  be  moved  from  0  to  15  mm,  allowing  the  simultaneous 
measurement  of  the  same  velocity  component  in  two  adjacent 
spatial  locations.  First,  the  system  was  successfully  tested  in 
a  cylindrical  duct  on  a  steady-state  test  rig  in  a  flow  with 
controlled  grid-generated  turbulence.  The  scattered  light 
coming  from  the  two-probe  volumes  is  collected  by  the  two 
photomultipliers  and  analyzed  by  the  BSA's.  The  coincident 
data  were  checked  by  an  off-line  software  based  on  the  shaft- 
encoder  resolution.  The  acceptance  window  width  of 
coincident  data  was  checked  from  0.1  to  0.3  crank  angle 
interval  with  no  meaningful  difference  in  the  results.  As  a 
result,  the  coincidence  interval  was  set  at  0.2  degree  at  1,000 
rpm  and  0.3  degree  at  1,500  rpm  {33fxs  at  both  engine 
speeds) 

The  instantaneous  tangential  component  of  the 
velocity  was  measured  at  1,000 , 1,500,  and  2,000  rpm  in  the 
crank  angle  range  of  100  degrees  about  TDC:  from  -70° 


For  a  given  stationary  flow  and  a  fixed  point  P  of  the 
flow  field,  denoted  U{t)  the  fluid  velocity  vector  at  the 
instant  t  and  (Xj  ,X2,  x^)  three  cartesian  axes,  let  put 
Uic{t)  the  velocity  component  for  the  generic  Xj.  axis. 
Referring  from  now  on  to  a  particular  component  ,  we 
will  simply  denote  it  U{t^ .  In  the  conventional  statistical 
approach,  averaging  with  respect  to  time,  it’s  possible  to 
evaluate  a  mean  velocity  U  ,  a  fluctuation  u  about  the  mean 

velocity,  and  a  turbulence  intensity  u'  = 
Hinze,1975.  Considering  all  pairs  of  velocities  C/(i)  and 
U{t  +  At'j  for  a  fixed  delay  time  At ,  a  time  autocorrelation 
coefficient  (TAC)  can  be  defined  as: 

_  .  T 

u{t)u{t  +  At)=  lim  —  J  u{t)u{t  +  At)dt 
0 
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This  coefficient  should  be  regarded  as  an  index  which 
expresses  how  well  fluctuations  remember  their  earlier 
behavior  after  a  time  delay  /it . 

If  we  take  into  account  non-stationarv  flows,  such  as 
those  within  reciprocating  engines,  to  compute  the  TAC  the 
previous  procedure  must  be  reviewed.  Pansier  &  French, 
1988.  In  this  case  it’s  possible  to  generalize  all  the 
mentioned  process  considering  N  identical  experiments  i 
and  referring  to  the  velocities  U^PqJqJ)  collected  for 


homologous  points  Pq  and  instants  tg.  It  is  possible  to 

compute  the  TAC  applying  an  ensemble  average  procedure 
to  engine  cycles  that  can  be  regarded  as  single  experiments 
characterized  by  similar  conditions.  Particularly,  homologous 
points  Pq  will  be  defined  by  the  same  position  P  inside  the 
cylinder  while  homologous  instants  tg  will  be  characterized 
by  the  same  crank-angle  &  .  Considering  an  ensemble  of  P 
engine-cycles,  and  denoted  U{&,  i)  the  instantaneous 
velocity  corresponding  to  the  crank-angle  &  and  to  the 
engine-cycle  /  ,  applying  the  ensemble-average  technique,  it 

will  be  possible  to  determine  a  mean  velocity  U[3),  a 
fluctuation  u{&,  /)  of  the  instantaneous  velocity  about  the 
mean  velocity  itself,  and  a  turbulence  intensity 

«'(>?) .  For  a  fixed  pair  of  crank  angles  3 

and  3  +  A3 ,  considering  the  contributions  of  all  engine- 
cycles,  the  TAC  will  be  then  defined  as: 


i?,(.9,zl,9) 


+A3^ 


where: 

_  /  N 

u[3)u{3  +  A3)  =  — -i-  A3,i) 

^  i=l 

The  TAC,  hence,  defines  the  correlation  between  fluctuations 
related  to  different  crank  angles  3  comparing  their 
distribution  about  the  mean  velocity.  For  each  >9  it  will  be 
possible  to  determine  a  function  Rf[3  =  const, A3)  which 

shows  the  correlation  between  velocities  versus  time  delay.  It 
must  be  noted  that  this  procedure  does  not  consider  the 
possibility  that  some  of  the  velocities  U(3,i)  could  be 

missing,  hi  fact,  collecting  data  by  in-cylinder  LDV 
measurements,  for  each  engine-cycle  there  could  be  some 
crank  angles  having  missing  data.  Since  we  need  to  work 
only  on  collected  data,  the  problem  can’t  be  solved 
interpolating  missing  data  and  the  procedure  will  have  to  be 
further  refined.  If,  at  the  crank  angle  3  ,  we  denote 
<N  the  number  of  cycles  in  which  the  velocity 

U(3,i)  is  valid,  in  order  to  consider  the  chance  of  missing 
data,  first  of  all  we  should  define  the  mean  velocity  and  the 
turbulence  intensity  as  follows: 


where  contributions  to  the  summation  exist  only  for  cycles  in 
which  the  velocity  U(3,i)  exists.  Now  if,  related  to  a  fixed 

pair  of  crank  angles  (t9,zli9) ,  we  denote 

^(5,^5)  ^  [^{3}  ^(5+zl5)}  ^  ^  “ 

which  both  velocities  U{3,i)  and  U{3  +  A3,i)  are  valid. 


the  term  u{3)u{3+A3)  can  be  computed  as  follows: 

_  ;  N 

u{3)u{3  +  A3)  =  — - 'yu{3.i)u{3  A3,i) 

^{S.AS)  ,=! 

where  contributions  to  the  summation  exist  only  when  both 
velocities  U{3,i)  and  U{3  +  A3,i)  in  the  cycle  i  are 
valid.  Carrying  out  this  procedure,  it  is  possible  to  get  quite 
correct  results  if  is  not  too  small  compared  to 

and  ■  In  fact,  the  instantaneous  velocities  related  to 

the  valid  fluctuations,  contributing  to  the  summation, 
represent  a  quite  big  part  of  those  used  to  evaluate  the  mean 

velocities  U{3)  and  U{3  +  A3)  which  detennine  the 
value  of  the  turbulence  intensity  and  the  TAC  itself  We 
want  to  point  out  that,  for  a  fixed  pair  of  instants  (i9,zli9) , 

the  formula  of  the  TAC  was  initially  made  to  compare  the 
distributions  of  the  velocities  about  their  mean  velocity.  In 
detail,  the  formula  of  the  TAC  was  made  to  work  on 
fluctuations  about  a  mean  velocity  evaluated  considering  only 
those  velocities  related  to  the  valid  fluctuations  contributing 
to  the  TAC.  Therefore,  the  TAC  can  be  computed  taking  into 
account,  for  each  pair  of  instants  {3, A3) ,  the  mean 

velocity,  the  fluctuation,  and  the  turbulence  intensity  based 
just  on  the  contribution  of  those  cycles  in  which  both 
velocities  U{3,i)  and  U{3  +  A3,i)  are  valid.  Denoted 
^{9  /15)  velocities  belonging  to  those  cycles  in  which 

both  velocity  estimates  are  valid  and  sorted  them  as  a  series 
from  1  to  it  can  be  written  that: 


3  1 «  . 

with 

\i  =  l.....N 

Considering  only  the  contribution  of  these  velocities,  we  may 
define,  at  the  crank  angle  3  (the  same  for  ),  the 

mean  velocity,  the  fluctuation,  and  the  turbulence  intensity 
as: 
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^^(S.AS)  j=i 

^{3,AS){'^’j)  ~  ^{3,A3){^’j)  ~  ^{S,A9){'^) 

“'(3.A3)('^)^JjT  -  X  ["(5.A5)('9.y)j 

V  ^''(S,A5)  j~,  '■  J 

Finally,  the  TAC  will  be  defined  as: 

R  is,  A6I)  =  “(^■A^)(’^)“(.9.a^)(’9  +  ^’9) 

“(5,A5)  ('^)"(5,A5) 
^{S.A3){^)^(3.AS){^  +  = 

j  ^iS.^3) 

“Tr  '^^{3,A9){'^’j)^{3,A9){^'^^^’j) 

^{9.A3)  j=i 

The  possibility  to  estimate  the  TAC  for  a  fixed  pair  of  crank 
angles  (i9,idi9)  is  connected  to  the  assumption  that: 

^{3.A3)  -  ^mm  >  ^ 

Where  >  0  is  an  arbitrary  value  chosen  to  achieve  a 
confident  statistics.  To  improve  the  statistics  of  TAC,  each 
has  been  replaced  with  a  new  one 

obtained  by  an  average  of  all  thei?,(i9',  Jt9)  related  to 

instants  <9'  internal  to  a  reference  range  around  3 

sufficiently  small  to  assume  the  velocity  field  locally 
stationary  over  the  reference  range.  If  ^  >  0  is  the  encoder 

resolution  while  a -my  and  p=m'y  {m ,  ml  integer 
and  positive)  are  the  increments  respectively  of  3  and  A3 , 
we  can  denote  Nref  =  2nrgf  +  }  =  2int[^f.gf  /2aj  +  7  the 
number  of  instants  3'  internal  to  the  reference  range 
and  N  re/ (3,  A3)  <  the  number  of  coefficients 
Ri{3' ,  A3)  really  estimated  in  this  range,  so  that: 


where,  obviously,  contributions  to  the  summation  exist  only 
if  it  has  been  possible  to  estimate  the  coefficient 
Ri[3+ia,A3).  Using  this  procedure,  a  coefficient 

^trefi^’'^^)  estimated  even  if 


provided  that  there  is  at  least  one  instant  3'=3  +  ia 
internal  to  for  which;  .  If  some  TACs 

are  still  missing  they  can  be  obtained  by  a  linear 
interpolation.  In  this  paper,  using  a  1,000-cycles  ensemble, 
the  TACs  were  estimated  for  the  tangential  component  of  the 
fluid  velocity  varying  i9  between  -70  and  +30°  about  the 
TDC  with  an  increment  a  =  0.6  °  and  considering,  for  each 


3  ,  a  series  of  instants  3  +  A3  obtained  varying  A3 
between  0  and  30°  with  an  increment  yff  =  a  ;  the  value  of 
was  set  to  20  but  the  values  of  the  accepted 

ranged  between  100  and  800  depending  on  the  particular  pair 
of  crank  angles.  The  reference  range  was  set  at  5°, 

having  checked  that  this  did  not  change  the  trend  of  the 
TACs. 

Figure  2  shows  an  example  of  the  autocorrelation 
fimction  computed  for  the  point  B  (r=16  mm  from  the 
cylinder  axis)  at  >9  =  0°  (TDC)  ,  and  three  engine  speeds. 
The  plot  shows  a  continuously  decaying  pattern,  as  could  be 
expected  for  higher  time  delay,  and  a  decrease  of  the 
integral  below  the  curve,  until  7?,  »  0  ,  as  the  engine  speed 
increases.  Similar  results  were  obtained  at  different  crank 
angles  and  locations  as  will  be  reported  in  the  following. 


0  5  10  15  20  25  30 

Time  Delay  (degree) 

Fig.  2.  Autocorrelation  function  estimated  at  i9  =  0°(TDC) 

For  each  function  Rj^^j^[3  =  const,  A3) ,  it’s 
possible  to  determine  an  integral  time  scale  defined  as: 

A3* 

4(-9)=  fji,,j3,A3)d(A3) 

0 

where  /di9  *  is  the  delay  time  A3  corresponding  to  the  first 
minimum  where  7?,  « 0  or  R^<0 .  To  improve  the 
statistical  quality  of  Li{3),  at  each  3  ,  an  average  of  all 
the  scales  7-/ (>9')  was  carried  out  for  a  reference  range 
If/ around  ,9  small  enough  to  consider  the  flow  locally 
stationary.  Given  Kj.gj-  =  2k^gj-  +  1=2  in^  y/^gj-  /  2a'j  + 1 , 
Lirgj-{3)  can  be  computed  as: 

^ref  ir 

Further,  for  a  stationary  and  homogeneous  (ergodic) 
flow,  in  which  fluctuations  are  low  enough  compared  to  the 
mean  velocity,  can  be  considered  valid  Taylor’s  hypothesis'. 


d_ 

dt 


where  U  is  the  time-average  that,  because  of  homogeneity, 
must  be  equal  to  the  space-average.  Although,  the  in-cylinder 
flow  field  is  neither  stationary  nor  homogeneous,  and 
fluctuations  are  often  quite  big  compared  to  the  mean 
velocity,  we  can  generalize  the  Taylor’s  hypothesis  assuming 
the  flow  field  locally  stationary  and  homogeneous. 
Therefore,  passing  through  Taylor’s  hypothesis,  it’s  possible 
to  define  the  integral  longitudinal  length  scale  as: 

where  the  index  T  highlights  the  assumption  of  Taylor’s 
hypothesis.  Finally,  for  isotropic  turbulence,  the  lateral 
length  scale  is  given  by  the  following  equation: 


3.2  Spatial  Autocorrelation  Function 


Considering  the  non-stationarv  and  non-homogeneous 
in-cvlinder  flow,  denoted  ('X;  ,^2  j  the  cartesian  axes,  let 


put  P  =  a  particular  location  of  the  flow  field  on 

the  Xi  axis.  Denoted  U the  fluid  velocity 
component  for  the  generic  axis,  the  location  P ,  the 
crank  angle  9  and  the  engine-cycle  i  ,  carrying  out 
ensemble-averages,  it’s  possible  to  define  a  mean  velocity 

U,^[xj,9),  a  fluctuation  u^[xj,9,i)  about  the  mean 
velocity  itself  and  a  turbulence  intensity 

mV  {xj.9,i)  =  .  If  we  consider  another  point 

P'=[xj  +  Ax  1,0,6) ,  in  relation  to  the  velocity  component 


Ujc  it’s  possible  to  define  a  spatial  autocorrelation 
coefficient  as: 


u^{xi,9)uk{xi  +Axj,9)  =  —^Ui,{xi,9.i)ui,{xj+Axj,9.i) 


In  particular,  we  will  obtain  the  longitudinal  autocorrelation 
coefficient  when  k  =  l  while  we  will  have  the  lateral 
autocorrelation  coefficient  k  =  2,3 .  In  order  to  estimate  these 
coefficients,  it’s  necessary  to  collect  data  by  simultaneous 
measurements  in  two  different  locations  corresponding  to  the 
points  P  =  [xi,0,0)  and  P'=[xj+Axj,0,0),  respectively. 
Facing  the  problem  of  missing  data,  denoted 

coincident  velocities  reedly  collected  at  the  same  crank 
angle  9  of  the  same  cycle  i  in  both  locations,  and 


Jr  ^  the  total  number  of  these  coincident 

velocities  it  is  possible  to  sort  these  velocities  as  a  series  fi-om 


{Uk{xi.9,i) 

\Uk{x]+Axj,9,i) 


+  Ax;.5.p)  =  Uk{x,  + 
{i^l,...,N 


with 


Based  on  the  contribution  of  coincident  data,  it  is  possible  to 
evaluate  a  mean  velocity,  a  fluctuation,  and  a  turbulence 
intensity  as  follows: 


x^,Ar/){’^) 


P^l 


1 


is  then  defined  as: 


“;i(x„Ar,)(^/-%(x,.Ax,)(^i  = 


p=I 


+  AX;,5.p) 


Obviously,  it  is  possible  to  estimate  only  if 

>  N'^„  >  0 ,  applying  a  linear  interpolation  to 

each  function  =  const, Ax ^  =  const, 9)  to  determine 

the  missing  coefficients.  For  each  function 
=  const.  Ax j, 9  =  const) ,  it’s  possible  to  determine  a 

longitudinal  and  a  lateral  integral  length  scale  as: 

Ax2* 

Lf{xj,9)=  jRsj{x},Axj,9)d{Axj) 


Axj* 

0 

where  Axj  *  is  the  separation  Axj  corresponding  to  the 
first  minimum  where  R^^.  «  0 .  In  the  paper  we  assumed 
xj  =  r,X3  =  z  ,  figure  1,  while  X2  was  assumed  as  the 
tangential  direction  and  the  lateral  integral  length  scale  was 
measured  along  the  radial  axis  for  the  tangential  component. 
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For  isotropic  turbulence  Lg^  =  Lg^  =  Lg 

and  this  is  the  assumption  we  made  to  compare  these  length 
scales  with  those  obtained  from  the  time  scales  passing 
trough  Taylor’s  hypothesis. 

4.  RESULTS  AND  DISCUSSION 

Figure  3  shows  the  integral  time  scale  computed  as 
the  integral  of  the  time  autocorrelation  function  for  the  point 
located  at  t=16  mm  from  the  cylinder  axis  at  three  engine 
speeds.  To  improve  the  statistics  at  each  crank  angle, 
was  averaged,  as  shown  in  the  data  processing  section, 
setting  the  reference  interval  =  7° . 


Crank  Angle  (degree) 

Fig.  3.  Z,  vs.  crank  angle  at  different  speeds  for  r=16  mm. 


Values  of  ranged  from  a  maximum  of  1ms,  in  the 
middle  of  compression  at  1,000  rpm,  to  a  minimum  of  0.2 
ms,  around  TDC  at  2,000  rpm,  showing  a  decrease  along  the 
compression  and  an  almost  constant  trend  during  the  first  20° 
of  the  expansion.  A  similar  result  was  obtained  at  r=20  mm 
from  the  cylinder  axis,  figure  4.  The  overall  trend  is  an 
inverse  scaling  of  the  integral  time  scale  with  engine  speed. 

Figures  5  and  6  show  the  lateral  integral  lengft  scale 
estimated  through  the  Taylor’s  hypothesis  for  both  locations. 
It  can  be  noted  a  decrease  of  the  lateral  integral  length  scale 
along  the  compression  stroke  and  a  minimum  of  about  1  mm 
is  reached  around  TDC  for  both  locations.  This  trend  is 
physically  reasonable  because  spatial  scales  are  sensitive  to 
the  global  geometrical  changes  therefore,  a  reduction  is 
expected  as  the  piston  approaches  TDC.  Moreover, 

shows  no  sensitivity  with  engine  speed.  Focusing  the 
attention  on  the  figure  6,  a  decrease  of  integral  length  scale 
can  be  observed  at  2,000  rpm.  It  can  be  explained 
considering  the  different  behavior  of  the  mean  velocity  and 
turbulence  intensity  for  the  location  closer  to  the  wall  that 
gives  higher  values  of  fluctuation  matched  to  a  non-linear 
behavior  for  mean  velocity  at  higher  engine  speeds,  Corcione 
&  Valentino,  1994. 


Crank  Angle  (degree) 

Fig.  4.  L,  vs.  crank  angle  at  different  speeds  for  r=20  mm. 


Crank  Angle  (degree) 

Fig.  5.  vs.  crank  angle  at  different  speeds  for  i=16  mm 


Crank  Angle  (degree) 

Fig.  6.  Lg^  vs.  crank  angle  at  different  speeds  for  i=20  mm 


It  is  interesting  to  compare  the  lateral  integral  length 
scales  estimated  by  using  the  Taylor’s  hypothesis  and  those 
computed  by  the  direct  measurement  of  the  spatial 
autocorrelation  coefficient.  We  want  to  remind  that  for  the 
computation  of  the  time  autocorrelation  function  and  spatial 
autocorrelation  function  only  the  ensemble  averaged 
fluctuations  have  been  involved  therefore,  the  correlation 
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takes  into  account  the  behavior  over  all  temporal  and  spatial 
scales. 
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Fig.  7.  Lg^  and  Lg  versus  crank  angle  at  two  engine  speeds. 


Figure  7  shows  the  comparison  between  Lg^  and  Lg  at  two 

engine  speeds,  1,000  and  1,500  rpm,  for  the  point  located  at 
1=20  mm  from  the  cylinder  axis.  The  results  show  that  the 
overall  range  is  between  1  and  4  mm  but  some  differences 
between  Lg^  and  Lg  exist.  In  fact,  for  both  engine  speeds, 

differences  up  to  40%  are  given  during  the  compression 
stroke.  The  gap  between  Lg^  and  Lg  decreases 

approaching  TDC  in  which  almost  overlapped  values  can  be 
noted  as  consequence  of  a  more  isotropic  turbulence  around 
TDC.  Lg^  and  Lg  show  a  decreasing  trend  along  the 

compression  and  a  light  increase  along  the  expansion.  In 
addition,  integral  length  scale,  Lg ,  is  not  sensitive  to  engine 

speed  along  the  compression  stroke  in  which  almost 
overlapped  values  have  been  obtained  for  both  engine  speeds 
tested.  That  can  be  explained  considering  that  the  integral 
length  scale  can  be  considered  as  a  mean  velocity  times  the 
integral  time  scale  and  reminding  the  different  trend  for  the 
mean  velocity  and  the  integral  time  scale  with  engine  speed. 
In  fact,  the  mean  velocity  has  a  positive  scaling  (almost 
linearly)  with  engine  speed,  Corcione  &  Valentino  (1994), 
whereas  the  integral  time  scale,  as  can  be  noted  looking  at 
figures  5  and  6,  has  a  negative  trend  with  engine  speed. 


5.  CONCLUSIONS 

A  general  method  to  compute  time  and  spatial 
autocorrelation  function  for  a  non-stationary  flow  such  as  that 
within  a  reciprocating  engine  has  been  developed.  The 
procedure,  based  on  the  analogy  with  stationary  flows, 
computes  time  and  spatial  autocorrelation  coefficients  using 
an  ensemble-averaging  technique. 

Experimental  tests  have  been  carried  out  to  collect 
LDV  data  within  the  cylinder  of  a  d.i.  diesel  engine,  optically 
accessible.  The  instantaneous  tangential  velocity  has  been 


collected  at  three  engine  speeds,  1,000,  1,500,  and  2,000 
rpm,  whereas  two  point  simultaneous  velocities  have  been 
collected,  at  1,000  and  1,500  rpm,  to  compute  the  spatial 
autocorrelation  coefficient. 

Evaluation  of  integral  time  and  spatial  scale  of 
turbulence  performed  by  tire  non-stationary  autocorrelation 
function  has  been  a  powerful  method  to  investigate  the 
turbulent  structure  of  in-cylinder  flow  field.  The  analysis 
applied  to  the  tangential  velocity  fluctuation  has  provided  the 
following  main  results: 

•  the  integral  time  scale  decreases  along  the  compression 
stroke,  reaching  a  minimum  around  TDC.  A  more 
uniform  distribution  but  with  a  light  increase  pattern 
during  the  first  20“  of  compression  was  found  for  both 
locations.  Moreover,  the  integral  time  scale  shows  an 
approximate  inverse  scaling  trend  with  engine  speed. 

•  the  integral  spatial  length  scale  computed  by  means  the 
spatial  autocorrelation  function  shows  a  decrease  along 
the  compression  stroke,  reaches  a  minimum  of  about  1 
mm  aroimd  TDC,  and  then  increases  along  the 
expansion.  Its  comparison  with  vdues  obtained  from  the 
integral  length  scale  through  the  Taylor’s  hypothesis  has 
shown  that  although,  the  trend  is  the  same,  a  difference 
up  to  40%  remains. 


6.  NOMENCLATURE 

K^ef,  number  of  crank  angles  S  included  in  the 
reference  range 

Ly ,  integral  spatial  longitudinal  scale;  Lj^,  integral 

spatial  longitudinal  scale  obtained  passing  through 
Taylor’s  hypothesis. 

Lg,  spatial  lateral  integral  scale;  Lg^,  spatial  lateral 

integral  scale  obtained  passing  through  Taylor’s 
hypothesis. 

4,  integral  time  scale;  4re/’  “^tegral  time  scale 
obtained  by  averaging  all  the  4(’^)  related  to 
crank  angles  &  internal  to  the  reference  range 

¥ref- 

N ,  number  of  cycles;  ,  number  of  valid  velocities 

at  the  crank-angle  S  ;  ,  number  of  cycles 

in  which  velocities  at  the  crank-angles  &  and 
&+A&  are  valid;  Ni  .  number  of 

coincident  velocities  simultaneously  collected  in 
both  locations  Xj  and  Xj  +  AXj  in  relation  to  a 
fixed  3  . 

minimum  value  accepted  for 
minimum  value  accepted  for  Nt  ^  \ 
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,  number  of  crank  angles  ,9  in  the  reference  range 

N  ref ,  number  of  really 

estimated  for  a  fixed  A&  and  crank  angles  S 
internal  to  the  reference  range  . 

Rt ,  time  autocorrelation  coefficient;  ,  time 

autocorrelaion  coefficient  obtained  by  averaging  all 
the  related  to  a  fixed  A&  and  to  crank 

angles  &  internal  to  the  reference  range  . 

R^ ,  spatial  autocorrelation  coefficient. 

t ,  time. 

U ,  instantaneous  velocity;  U ,  ensemble-mean 

velocity,  u ,  fluctuation  about  mean  velocity;  i/ , 
turbulence  intensity. 

^(9. AS)  instantaneous  velocity  belonging  to  one  of  those 

cycles  in  which  both  velocity  estimates  related  to 
the  crank  angles  &  and  &+A&  are  valid; 

^{9.A9)  ’  ensemble-mean  velocity;  “(5^5)  = 

fluctuation  about  the  mean  velocity; 

turbulence  intensity. 

^  I  instantaneous  velocity  simultaneously  collected  in 

both  locations  x.  and  x,+Ax,-Ur 

J  J  J’  {xj.Axj)’ 

ensemble-mean  velocity,  ut  ^ ,  fluctuation 

[xj.Axj) 

about  the  mean  velocity;  u'l  1 ,  turbulence 
intensity. 

Xj ,  cartesian  axis. 

a  ,  increment  of  the  crank-angle  &  . 

/? ,  increment  of  the  delay  A9  . 

Y  ,  encoder  resolution. 

S  ,  crank-angle. 

,  reference  range  to  average  R^ ,. 

^  ,  reference  range  to  average  integral  time  scales. 

A  ,  difference;  Ak^  *,  separation  along  the  x^  axis 

corresponding  to  the  first  minimum  of 
R^  ( Xj  =  const,  Axj ,  &  -  const )  ■,  A^* ,  time 

separation  corresponding  to  the  first  minimum  of 
R,(^  =  const,  AS) . 

3  ,  symbol  of  existence 
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ABSTRACT 

The  in-cylinder  flow  motion  in  a  Ford  Zetec  dual-intake 
valve  engine  has  been  examined  experimentally  by  laser-sheet 
flow  visualisation  and  laser-Doppler  anemometry.  For  steady 
flow  investigations,  a  replica  of  the  engine  inlet  ports  and 
cylinder  was  produced  into  a  transparent  Perspex  block.  A 
mixture  of  turpentine  and  tetraline  liquids  was  employed  as 
the  working  fluid.  The  influence  of  intake  valve  lift  on  flow 
structure  was  examined,  initially  with  both  inlet  valves  having 
equal  lifts,  and  then  with  one  inlet  valve  kept  closed,  to 
determine  the  effects  of  inlet  valve  disablement. 

The  results  have  been  used  to  validate  corresponding 
steady  flow  numerical  investigations  and  good  agreement  is 
noted  for  mean  velocity  data.  Simulations  of  flow  in  a  Zetec 
engine  under  motored  conditions  are  also  presented,  together 
with  experimental  data  obtained  using  a  3D  stereoscopic 
visualisation  technique  and  an  optical  engine. 


1.  INTRODUCTION 

The  advantages  of  four-valve  per  cylinder  technologies  in 
spark-ignition  (S.I.)  engines  over  two-valve  designs  include 
greater  volumetric  efficiency,  increased  specific  engine  power 
output  and  higher  fuel  efficiency  (Newton  et  al,  1989).  The 
present  trends  towards  the  use  of  lean-burn  strategies  in 
multi-valve  S.I.  engine  configurations  have  called  for  a 
comprehensive  understanding  of  the  manner  in  which  pre¬ 
combustion  in-cylinder  flow  fields  may  be  manipulated,  to 
create  optimum  levels  of  turbulence  immediately  prior  to 
combustion. 

A  large  number  of  studies  have  been  made,  in  recent 
years,  into  the  tumble  and  swirl  motions  produced  in  four- 
valve  engines.  Ronnback  et  al  (1991)  studied  the  effect  of 
tumble  intensity  on  pre-combustion  turbulence.  It  was 
indicated  that  the  kinetic  energy  imparted  by  a  high-tumble 
design  to  the  flow  during  induction  is  partly  maintained  during 
the  compression  stroke,  and  produces  large  turbulent  length 
scales  and  turbulence  intensities  at  the  point  of  ignition.  This 
was  also  noted  by  Omori  et  al  (1991). 

Kent  et  al  (1989)  tested  six  intake  configurations,  based  on 
three  cylinder  head  designs.  They  observed  that  tumble  was 
the  dominant  motion  when  both  intake  valves  were  open, 
while  strong  swirl  was  created  when  one  valve  was  kept 
closed.  By  adding  valve  masking  to  the  open  valve,  the  axis  of 


the  swirl  was  inclined,  to  introduce  an  intense  tumble 
component  to  the  flow. 

In  a  combined  steady  flow  and  reciprocating  engine  study, 
Arcoumanis  et  al  (1994)  examined  the  tumble-generating 
characteristics  of  a  four-valve  engine  cylinder  head.  The 
results  showed  that  the  tumble  vortex  ratio  calculated  with 
steady  flow  using  a  tumble  adaptor  was  similar  to  that  in  a 
motored  engine  at  inlet  valve  closure,  and  that  the  tumble 
produced  by  the  four-valve  design  in  a  motored  engine  led  to 
over  60%  greater  volume-averaged  turbulence  levels  than 
two-valve  designs.  Furthermore,  by  adding  sleeves  to  the 
intake  ports,  Arcoumanis  et  al  were  able  to  intensify  the 
tumble  during  induction,  resulting  in  even  higher  mean 
velocity  and  turbulence  levels  at  the  point  of  ignition. 

The  greater  turbulence  levels  produced  by  high  tumble 
systems  lead  directly  to  improvements  in  engine  combustion, 
fuel  economy  and  emissions  characteristics,  as  shown  by 
Endres  et  al  (1992)  and  Hu  et  al  (1992)  for  example.  Hence, 
optimisation  of  engine  cylinder  head  design  is  important  in 
order  to  achieve  superior  performance  characteristics. 

In  the  present  study,  the  mean  velocity  and  turbulence 
characteristics  of  the  flow  in  the  Zetec  engine  have  been 
investigated  with  a  view  to  acquiring  an  understanding  of  the 
influence  of  inlet  port  design  on  in-cylinder  flow  structure. 
Detailed  experimental  studies  and  numerical  modelling  using 
computational  fluid  dynamics  (CFD)  are  used  to  provide  a 
description  of  the  three-dimensional  flow  field  inside  the 
engine  cylinder,  under  both  steady  flow  and  motored  engine 
conditions. 


2.  FLOW  CONFIGURATION 

2.1  The  Ford  Zetec  Engine 

The  two  inlet  ports  of  the  Ford  Zetec  engine  are  designed 
to  produce  a  strong  tumbling  flow  motion  into  the  cylinder 
during  the  induction  stroke.  Figure  1  shows  the  inlet  port  and 
cylinder  head  geometry.  Some  engine  parameters  for  the  1 .8 
litre  mode!  have  been  provided  on  Table  I  overleaf 

2.2  The  Steady  Flow  Experimental  System 

The  steady  flow  investigations  were  performed  using  a 
Perspex  replica  of  the  intake  ports  and  cylinder  of  the  Zetec 
engine.  A  mixture  of  rectified  oil  of  turpentine  and  teraline 
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Table  1  Specifications  of  the  1 .8  litre  Ford  Zetec  engine 

Displacement:  1796  cm^ 

Bore:  80.6  mm 

Stroke:  88.0  mm 

Mean  compression  ratio:  10:1 

Intake  valve  diameter:  32.0  mm 

Exhaust  valve  diameter:  28.8  mm 

Intake  valve  opening:  6’  BTDC 

Intake  valve  closure:  222'  ATDC 

liquids  in  the  proportions  68%:32%  by  volume  was  employed 
as  the  working  fluid.  The  refractive  index  of  the  liquid  mixture 
(1.489  at  25°C)  was  identical  to  that  of  the  Perspex  material 
used  for  the  test  section,  enabling  complete  optical  access  to 
laser  light  for  flow  visualisation  and  LDA  measurements.  The 
density  of  the  mixture  was  893.5  kg/m^  and  the  kinematic 
viscosity  was  1.71  x  10'®  m^/s.  As  the  mixture  had  a  low 
viscosity,  turbulent  flow  was  readily  achieved  in  the  cylinder. 
The  similarity  of  liquid  and  air  flow  through  engine  inlet  ports 
has  been  previously  demonstrated  (Cheung  et  al  1990). 

Tests  carried  out  using  LDA  to  determine  the  effect  of 
liquid  mass  flowrate  on  in-cylinder  flow  structure  under 
steady  flow  conditions  revealed  that  in-cylinder  velocities 
scaled  well  with  mass  flowrate.  The  remaining  experiments 
presented  here  were  conducted  with  the  liquid  mass  flowrate 
set  at  1 .54  kg/s  (Re  =  30000). 

For  flow  visualisation  studies,  minute  air  bubbles  created 
within  the  experimental  rig  were  used  as  tracers.  A  2W 
Argon-Ion  laser  operating  at  a  wavelength  of  514.5  nm  was 
used  as  the  light  source.  The  laser  beam  was  passed  through  a 
cylindrical  lens  to  produce  a  sheet  of  light,  which  was  directed 
onto  the  test  section  using  mirrors.  Recordings  of  the  flow 
were  made  using  a  CCD  video  camera. 

The  laser-Doppler  anemometer  was  operated  in  forward- 
scatter  fringe  mode.  The  anemometer  consisted  of  a  10  mW 
Helium-Neon  laser,  a  rotating  diffraction  grating,  associated 
optics  and  a  photomultiplier.  Table  2  provides  the  principal 
LDA  system  characteristics. 

Table  2  Principal  LDA  system  characteristics 

Laser  light  wavelength:  632.8  nm  (red) 

Frequency  shift  between 

first-order  beams:  3.38  MHz 

Measurement  volume  diameter:  78.0  pm 

Measurement  volume  length:  1 .00  mm 

Number  of  interference  fringes:  1 9 

Frequency  to  velocity 

conversion  factor:  4.096  m/s/MHz 

Half-angle  of  laser  beams:  4.50' 

The  signal  processing  system  comprised  a  frequency  counter 
and  a  computer  interfaced  to  the  counter  and  installed  with 
data  processing  software.  As  the  liquid  mixture  already 
contained  a  sufficient  quantity  of  micron-sized  contaminant 
particles,  artificial  seeding  of  the  flow  was  not  required  for  the 
LDA  studies.  Further  details  of  the  experimental  techniques 
are  provided  in  Mahmood  and  Yianneskis  (1995). 

2.3  Computational  Fluid  Dynamics 

A  three-dimensional  grid  of  the  inlet  ports  and  cylinder  of 
the  Zetec  engine  was  produced  using  CAD  data  provided  by 


Ford  Motor  Company  Limited.  The  STAR-CD  software  was 
used  with  the  SIMPISO  numerical  scheme  and  the  k-e 
turbulence  model  to  calculate  the  flow.  Initially,  CFD 
calculations  were  performed  under  steady  flow  conditions  at  a 
number  of  different  inlet  valve  lift  settings.  These  predictions 
were  compared  with  experimental  data  obtained  by  LDA  to 
determine  the  accuracy  of  the  numerical  model,  before 
modifying  the  grid  to  calculate  flows  in  a  reciprocating 
engine.  Details  of  the  computational  model  have  been 
provided  in  Chen  et  al  (1996)  and  Mahmood  et  al  (1996). 

2.4  Stereoscopic  Visualisation  in  a  Motored  Optical  Engine 

The  flow  processes  in  a  motored  optical  engine  fitted  with 
a  Zetec  cylinder  head  were  investigated  using  a  3D  flow 
visualisation  and  velocity  measurement  technique.  High  speed 
engine  flows  were  modelled  at  greatly  reduced  engine  speeds 
by  employing  a  heavy  gas,  sulphur  hexafluoride  (SFg),  at 
pressurised  inlet  conditions  as  the  working  fluid  instead  of  air. 
Previous  work  on  the  experimental  facility  showed  that 
dynamic  similarity  is  achieved  for  flow  in  the  engine  cylinder 
(Ma  et  al  1986  a  and  b). 

For  global  instantaneous  flowfield  studies,  the  entire 
cylinder  volume  was  illuminated  through  a  Perspex  piston 
crown  by  light  from  a  5W  Argon-Ion  laser.  For  some 
experiments,  selected  planes  inside  the  cylinder  were 
illuminated  with  a  laser  light  sheet.  Hollow  glass  spheres  of 
approximately  100  micron  diameter  were  used  as  tracer 
particles.  The  flow  was  observed  by  two  CCD  video  cameras, 
which  were  positioned  to  focus  onto  the  cylinder  axis.  The 
images  from  the  cameras  were  interlaced  by  a  multiplexer  and 
recorded  onto  S-VHS  video  tape. 

During  the  data  processing  stage,  the  left  and  right  fields 
of  the  video  recordings  were  separated  by  a  de-multiplexer, 
and  a  sequence  of  images  were  grabbed  using  a  digital  frame 
store  connected  to  a  personal  computer.  Matching  pairs  of 
streaks  on  the  2D  images  from  each  camera  were  identified 
and  tracked,  and  this  information  was  used  to  arrive  at  a  3D 
representation  of  the  in-cylinder  flow  field. 


3.  RESULTS  AND  DISCUSSION 

3.1  Flow  Visualisation 

Detailed  flow  visualisation  recordings  were  made  under  a 
number  of  different  conditions;  firstly  with  both  inlet  valve 
lifts  set  equal,  and  then  with  the  lift  of  one  inlet  valve  varied 
relative  to  the  other.  Figure  2  shows  a  typical  video  recording 
of  the  flow  structure  in  the  vertical  plane  x  =  -17.6  mm 
(through  the  centre  of  one  inlet  valve)  with  the  inlet  valve  lifts 
both  set  at  10  mm. 

The  figure  shows  a  strong  jet  of  fluid  issuing  into  the 
cylinder  from  the  right  of  the  valve  head.  A  vortex  seen 
towards  the  right  of  Figure  2  dominates  the  flow  structure 
inside  the  cylinder,  and  corresponds  to  the  early  development 
of  tumble  flow  during  the  induction  stroke  of  a  reciprocating 
engine.  An  elliptic  vortex  is  created  adjacent  to  the  tumble¬ 
like  vortex  by  fluid  passing  at  the  left  of  the  valve  head. 

3.2  LDA  Measurements  with  10  mm  Inlet  Valve  Lifts 

Mean  velocity  results  for  flow  in  the  plane  x  =  -17.6  mm 
are  shown  on  Figure  3,  for  the  10  mm  valve  lift  case  (Chen  et 
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al  1996).  As  was  noted  from  the  flow  visualisation  study  (see 
Figure  2),  the  velocity  vectors  indicate  that  the  flow  in  the 
inlet  ports  is  uniform  and  ensemble-averaged  velocities  are 
around  1.75  m/s.  A  high  velocity  jet  flow  is  apparent  at  the 
right  of  Figure  3,  with  lower  velocity  magnitudes  towards  the 
centre  of  the  plane. 

Measurements  taken  in  the  horizontal  planes  showed  that 
the  flow  structure  is  symmetric  about  the  plane  of  symmetry 
of  the  cylinder  head.  Two  pairs  of  counter-rotating  vortices  are 
created  when  the  valve  lifts  are  equal,  with  the  largest  velocity 
magnitudes  at  locations  close  to  the  cylinder  wall  (Mahmood 
and  Yianneskis  1995).  The  highest  r.m.s.  velocity  magnitudes 
were  measured  in  regions  of  steep  mean  velocity  gradients  at 
the  edges  of  the  inlet  jet. 

3.3  LDA  Measurements  with  One  Inlet  Valve  Closed 

At  part  load  operating  conditions,  by  keeping  one  of  the 
two  inlet  valves  in  a  four-valve  engine  closed,  or  by  applying 
port  de-activation  strategies,  it  is  possible  to  generate  swirl 
and  tumble  structures  which  are  stronger  than  those  produced 
with  both  valves  open  (Kent  et  al  1989,  Stone  et  al  1993).  At 
low  engine  speeds,  this  can  lead  to  more  stable  combustion  of 
lean  mixtures  and  improvements  in  fuel  economy.  Such 
strategies  have  already  been  applied  to  modern  lean-burn 
engines,  as  illustrated  by  the  Honda  VTEC-E  deactivation 
system,  and  the  swirl  control  mechanisms  present  in  Toyota 
induction  system  designs. 

In  the  present  study.  Valve  1  (as  labelled  on  Figure  1)  was 
kept  closed  and  the  lift  of  Valve  2  was  set  at  10  mm.  Figure 
4(a)  presents  mean  velocity  vectors  in  the  plane  x  =  -17.6  mm. 
As  the  liquid  mass  flowrate  through  the  one  open  port  was 
kept  the  same  as  when  both  inlet  valves  were  open,  velocities 
inside  the  port  are  higher.  In  this  instance,  velocity  magnitudes 
of  up  to  3.9  m/s  were  measured  inside  the  open  port,  around 
twice  those  in  the  previous  case. 

A  complex  flow  structure  was  generated  inside  the 
cylinder.  Flow  visualisation  experiments  showed  that  a  strong 
inclined  swirling  motion  results  in  the  cylinder  volume.  Figure 
4(a)  indicates  that  a  high  velocity  jet  results  from  flow  over 
the  left  side  of  the  inlet  valve.  This  produces  a  strong  vortex 
underneath  the  inlet  valve  which  rotates  in  the  opposite 
direction  to  the  tumble-like  vortex  mentioned  earlier.  High 
velocity  magnitudes  are  present  at  locations  closest  to  the 
cylinder  wall,  as  seen  at  the  right  of  Figure  4(a)  -  typically 
around  2.2  m/s. 

The  flow  field  in  the  vertical  plane  x  =  17.6  mm  is  shown 
on  Figure  4(b).  This  is  a  plane  through  the  centre  of  the  closed 
inlet  valve.  The  velocity  vectors  indicate  the  presence  of  one 
vortex,  which  covers  almost  the  entire  plane.  This  figure 
shows  the  motion  that  takes  place  over  one  half  of  the  cylinder 
under  steady  flow  conditions  when  one  inlet  valve  is  disabled. 
The  vectors  towards  the  top  of  the  cylinder  have  a  low  angle 
of  inclination,  indicating  that  swirl  is  the  dominant  motion  in 
this  region.  Further  down  the  plane,  the  W-component  of  the 
mean  velocity  becomes  larger,  as  the  liquid  spirals  down  the 
cylinder. 

LDA  measurements  made  in  several  horizontal  planes 
inside  the  test  section  ilustrated  the  strong  swirl  characteristics 
of  this  configuration.  Figure  4(c)  shows  profiles  of  the  mean 
V-velocity  component  in  the  z  =  -30  mm  plane.  A  well 
defined  clock-wise  swirl  is  apparent,  with  large  velocity 
magnitudes  at  regions  close  to  the  cylinder  wails. 


The  steep  velocity  gradients  seen  from  the  mean  velocity 
results  and  the  shearing  action  of  the  flow  produced  high 
turbulence  levels  inside  the  test  section.  Magnitudes  of  r.m.s. 
velocities  were  on  average  twice  as  high  for  this  case,  as  when 
both  inlet  valve  lifts  were  set  at  10  mm. 

3.4  Comparison  of  Steady  Flow  CFD  and  LDA  Results 

Detailed  comparisons  were  made  of  the  computed  and 
measured  velocity  results  in  both  vertical  and  horizontal 
planes,  for  each  equal  valve  lift  case  studied.  Figure  5  presents 
a  typical  plot  from  the  10  mm  valve  lift  case,  comparing  the 
CFD  calculations  of  the  mean  V-velocity  component  in  the  z 
=  -20  mm  plane  with  experimental  results.  It  can  be  seen  that 
there  is  good  agreement  between  both  sets  of  data,  implying 
that  the  CFD  model  has  predicted  the  main  features  of  the 
flow  well.  Mean  velocity  characteristics  in  other  valve  lift 
cases  were  also  calculated  with  good  accuracy  (Chen  et  al 
1996,  Mahmood  et  al  1996). 

Turbulence  levels  were  generally  found  to  be  under 
predicted  by  the  CFD  model.  This  may  be  partly  due  to  the 
implicit  assumption  of  isotropic  turbulence  in  the  k-e 
turbulence  model,  and  the  presence  of  instabilities  in  real 
complex  three-dimensional  flows,  which  are  not  accounted  for 
in  the  computational  method. 

3.5  Motored  Engine  Results 

The  motored  engine  CFD  simulations  were  performed  at  a 
part  load  operating  condition  and  an  engine  speed  of  2000 
rpm.  The  induction  and  compression  strokes  were  modelled. 
The  data  for  boundary  conditions,  including  wall  temperatures 
and  the  initial  cylinder  pressure  were  provided  by  Ford  Motor 
Company  Limited  and  were  calculated  using  a  one¬ 
dimensional  gas  dynamics  code. 

Figure  6(a)  shows  the  mean  flow  in  the  x  =  -17.6  mm 
plane  at  88°  ATDC  crankangle  during  the  induction  stroke.  A 
strong  tumbling  motion  develops  inside  the  cylinder  as  the 
intake  air  passes  over  the  combustion  chamber  roof,  down  the 
cylinder  wall  and  across  the  piston  surface.  As  the  piston 
approaches  BDC  induction,  the  tumbling  motion  persists 
inside  the  cylinder  volume. 

The  tumble  vortex  was  seen  to  intensify  during  the 
compression  stroke  as  its  size  was  reduced,  due  to 
conservation  of  angular  momentum  (Gosman  et  al  1985). 
Figure  6(b)  shows  the  computed  flow  structure  at  330°  ATDC 
crankangle  during  the  compression  stroke.  A  well-defined 
tumble  motion  exists  inside  the  cylinder  close  to  TDC 
compression.  The  development  of  the  tumble  during  induction 
in  the  plane  of  symmetry  of  the  cylinder  head  (x  =  0  mm)  is 
shown  on  Figures  7(a)  and  7(b),  at  104°  ATDC  and  178° 
ATDC  crankangle. 

For  the  experimental  studies,  the  engine  was  motored  at  42 
rpm  with  1.22  bar  inlet  manifold  pressure,  giving  an 
equivalent  engine  speed  of  2200  rpm  at  1/4  load.  Figures  8(a) 
and  8(b)  show  the  development  of  the  flow  during  the 
induction  stroke  at  100°  ATDC  and  173°  ATDC  crankangle  in 
the  X  =  0  mm  plane.  The  camera  positions  did  not  allow 
viewing  of  the  entire  cylinder.  Comparisons  of  the  particle 
tracks  with  Figures  7(a)  and  7(b)  indicate  that  qualitatively, 
the  flows  have  been  well-predicted  by  the  CFD  model.  The 
experimental  results  show  a  less  well-defined  flow  structure 
than  the  predictions,  and  this  is  because  Figures  8(a)  and  8(b) 
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present  instantaneous  pictures  of  the  flow,  compared  to  the 
averaged  results  of  the  numerical  model. 


4.  CONCLUSIONS 

A  combined  experimental  and  computational  study  was 
undertaken  into  the  pre-combustion  in-cylinder  flow  motion  in 
the  Ford  Zetec  engine,  under  both  steady  flow  and  motored 
engine  operating  conditions. 

Experimental  results  obtained  by  laser-sheet  visualisation 
and  LDA  showed  that  a  strong  tumble-like  flow  occurs  in  the 
cylinder  with  steady  flow,  when  both  inlet  valve  lifts  are 
identical.  With  one  inlet  valve  closed,  a  strongly  inclined 
motion  was  noted  inside  the  cylinder. 

CFD  simulations  of  flow  in  a  motored  Zetec  engine 
showed  the  development  of  a  well-defined  tumble  motion 
during  the  induction  stroke.  The  tumble  flow  was  maintained 
during  the  compression  stroke  up  to  crankangles  close  to  TDC 
compression.  Qualitative  comparisons  of  the  numerical  results 
with  experimental  data  obtained  by  a  stereoscopic  flow 
visualisation  method  showed  that  the  main  features  of  the  flow 
were  satisfactorily  reproduced  by  the  CFD  model. 
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INLET  VALVE  SIDE  EXHAUST  VALVE  SIDE 


Figure  1  Outline  of  the  inlet  ports  of  the  Ford  Zetec  engine  in  a  vertical  plane  through 
one  inlet  valve  and  major  cylinder  head  dimensions 


Figure  2  Still  frame  from  flow  visualisation  study  of  steady  flow  through  the  intake  ports 
and  cylinder  of  the  engine  model,  with  10  mm  valve  lifts 


X  (mm) 


X  (mm) 


Figure  4(c)  Profiles  of  the  mean  V-velocity  component  Figure  5  Comparison  of  computed  and  measured  V-component 
in  the  z  =  -30  mm  horizontal  plane  with  one  inlet  valve  closed  velocities  in  the  z  =  -20  mm  plane,  with  1 0  mm  valve  lifts 


Figure  6(a)  Mean  velocity  vectors  of  flow  in  the  vertical  plane  x  =  - 1 7.6  mm 
at  88”  ATDC  crankangle  (induction  stroke) 
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Figure  6(b)  Mean  velocity  vectors  of  flow  in  the  vertical  plane  x  =  -1 7.6  mm 
at  330'  ATDC  crankangle  (compression  stroke) 
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Figure  7(a)  Calculated  mean  velocity  vectors  for  flow  Figure  7(b)  Calculated  mean  velocity  vectors  for  flow 

in  the  X  =  0  mm  plane  at  1 04°  ATDC  crankangle  in  the  x  =  0  mm  plane  at  1 78”  ATDC  crankangle 


Inlet  Valves  Exhaust  Valves 


Figure  8(a)  Particle  trajectories  obtained  from  processed 
images,  showing  the  instantaneous  flow  pattern  in  the 
X  =  0  mm  plane  at  100°  ATDC  crankangle 


Inlet  Valves  Exhaust  Valves 


Figure  8(b)  Particle  trajectories  obtained  from  processed 
images,  showing  the  instantaneous  flow  pattern  in  the 
X  =  0  mm  plane  at  173°  ATDC  crankangle 
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ABSTRACT 

The  annular  flow  around  the  two  intake  valves 
of  a  production  four-valve  diesel  cylinder  head  has  been 
investigated  by  laser  Doppler  velocimetry  under  steady 
flow  conditions  at  a  mass  flowrate  of  85  kg/h 
corresponding  to  an  engine  speed  of  1000  ipm.  The 
results  showed  that  the  primary  valve  generates  much 
stronger  swirl  than  the  secondary  valve,  which  in  turn 
generates  more  than  20%  of  the  mass  flow.  When  both 
valves  are  open,  the  generated  swirl  and  mass  flow  levels 
fall  between  those  obtained  with  the  primary  and 
secondary  valves  but  much  closer  to  the  former  than  to 
the  latter.  The  exit  flow  around  flie  intake  valves  was 
found  to  be  non-uniform,  with  more  pronounced  the  case 
of  the  primary  valve,  with  the  maximum  exit  flow  ^sent 
at  the  planes  which  are  in-line  with  the  inlet  port  axis  and 
the  tninimum  exit  flow  at  the  planes  towards  the  end  of 
the  helical  ramp  of  the  port  Similar  non-uniform  flows 
were  observed  when  both  valves  were  open  except  for  the 
two  planes  of  the  primary  valve  which  are  affected  by  the 
jet  flow  exiting  ftom  the  secondary  valve.  Turbulence,  in 
general,  was  anisotropic  with  maximum  levels  of  about 
5Vp  (Vp  =  mean  piston  speed)  near  the  cylinder  head. 

INTRODUCTION 

The  importance  of  the  in-cylinder  air  and  fuel 
motions  on  the  performance  and  emissions  of  direct- 
injection  Diesel  engines  has  long  been  recognised.  The 
desirable  condition  is  to  achieve  rapid  mixing  between 
the  swirling  air  and  injected  fuel  in  orda  to  complete 
combustion  within  a  short  crank  angle  interval  close  to 
TDC.  High  fuel-air  mixing  rate,  which  in  turn  controls 
the  fuel  burning  rate,  is  even  more  unportant  in 
passenger  car  diesels  where  the  mixing  time  scale  is  very 
short  relative  to  engines  at  the  large  end  of  the  size 
range.  Improved  understanding  of  tire  characteristics  of 
the  induction  air  motion  over  a  wide  range  of  speeds  is  a 
prerequisite  for  tire  development  of  high  speed  direct- 
injection  (HSDI)  diesels,  as  the  legislation  on  NO^  and 
particulate  emissions  becomes  worldwide  more  stringent 

The  present  experimental  investigation  aims  to 
quantify  the  exit  flow  characteristics  generated  by  the  two 
intake  helical  ports  of  an  advanced  four-valve  Diesel 
cylinder  head  in  terms  of  the  flow  discharge  and  swirl 
coefficients  and  the  meanAms  velocity  proHles  as  a 
function  of  the  valve  lift.  These  results  are  expected  to 
assist  the  development  of  multidimensional  computer 
models,  which  require  accurate  experimental  data  as 
boundary  conditions,  and  to  allow  tire  design  of  these 


ports  to  be  improved  by  achieving  higher  volumetric 
efficiency  especially  at  high  engine  speeds. 

FLOW  CONFIGURATION  AND  INSTRUMENTATION 

The  four-valve  cylinder  head  of  a  production 
Ford  diesel  engine  was  mounted  on  a  steady  flow  rig,  as 
shown  in  figure  1.  Ambient  air  was  drawn  through  the  two 
inlet  ports  by  a  five-stage  centtifugal  suction  pump 
which  was  conttolled  by  a  bypass  flow  regulator.  The 
mass  flow  rate  was  determined  by  a  British  Standard 
orifice  plate,  1042,  with  an  accuracy  of  ±1.3%.  Digital 
and  U-tube  manometers  were  used  to  measure  tiie  upstream 
pressure  of  the  orifice  plate,  the  air  pressure  drop  across 
the  orifice  plate  and  the  pressure  drop  through  the  inlet 
fnaTiifnlrf  and  the  cylinder  head  assembly.  The  ambient  air 
pressure  and  temperature  were  measured  with  a  mercury 
barometer  and  a  thermometer,  respectively.  The  two  inlet 
ports  were  of  helical  type  and  produced  different  levels  of 
swirl;  they  are  referred  to  here  as  primary  (higher  swir^ 
and  secondary  (lower  swirl).  An  open-ended  acrylic 
cylinder  was  fitted  to  the  cylinder  head  with  a  bore 
diameter  of  88mm,  a  wall  thickness  of  6nun  and  a  length 
four  times  the  bore  diameter,  which  provided  optical 
access  for  tire  laser  Doppler  velocimeter.  At  the  end  of  the 
acrylic  cylinder  four  intercormected  pressure  tappings 
woe  to  monitor  the  pressure  drop  across  the 

cylinder  bead  prior  to  its  connection  to  a  settling 
chamber. 

To  obtain  the  swirl  coefficient  generated  by  the 
intake  ports,  either  individually  or  jointly,  a  commercial 
torque  meter  (Quadrant  Scientific)  was  placed  four  bore 
diametm  downstream  of  the  cylinder  head.  The  meter 
consists  of  a  honeycomb  which  converts  the  angular 
momentum  to  torque  and  a  measuring  device  which  gives 
the  induced  torque  with  an  accuracy  of  ±0.5%.  The  torque 
meter  was  calibrated  over  the  measuring  range  with 
balance  weights  and  the  linearity  of  the  response  of  the 
meter  was  found  to  be  very  satisfactory  as  shown  in  figure 
2.  The  laser  Dopplra:  velocimeter  comprised  a 
water-cooled  argon-ion  laser  (Spectra  Physics)  operating 
with  a  wavelength  and  power  of  0.514  |un  and  300  mW 
respectively,  a  diffraction-grating  to  divide  the  laser 
beam  into  two  of  equal  intensity  and  provide  frequency 
shifts  up  to  12  MHz,  a  collimating  and  a  focusing  lens  to 
bring  the  two  beams  to  an  intersection  volume,  a 
photomultiplier  (Dantec  55X34),  and  a  frequency  counter 
(TSI  model  1990)  interfaced  to  a  microcomputer  using  a 
DMA  board  (Dostek  1400).  The  intersection  volume  was 
approximately  757  pm  in  length  and  42  pm  in  diameter, 
with  a  fringe  spacing  of  4.6  pm.  The  signals  from  the 
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photomultiplier  were  processed  by  the  counter  to  form 
ensemble  averages  from  4000  individual  velocities. 

The  measurement  position  and  the  magnitude  of 
the  velocity  components  were  corrected,  when  required, 
for  refraction  effects  of  the  laser  beams  through  the 
cylindrical  waU.  Uncertainties  due  to  velocity  gradients 
were  minimised  by  aligning  the  smaller  dimension  of  the 
intersection  volume  along  die  velocity  gradient,  except 
for  the  swirl  component,  and  by  coUecting  the  light  30° 
ofr-axis.  Statistical  uncertainties  were  also  minimised  by 
considering  a  large  number  of  samples  and  the  maximum 
counting  ambiguity  of  the  TSI  instrument,  having  a  clock 
frequency  of  1000  MHz,  was  0.5%  of  the  Doppler 
frequency  shift  The  overall  maximum  uncertainty  in  the 
measurements  of  mean  and  rms  velocities  is  estimated  to 
be  5%  and  10%,  respectively. 


(a)  Oiagcam  of  steacly  flow  rig 


(b)  Diastam  of  eyitider  head 


Fig.  1  Schematic  diagrams  of  flow  circuit  and  cylinder 
head  together  with  measuring  locations  around  the  intake 
valves  (dimensions  in  mm) 


Swirimattr  reading 


Fig.  2  Calibration  curve  of  the  swirl  impulse  meter. 

The  flow  was  seeded  with  silicone  oil  droplets 
which  were  generated  by  an  air-blast  atomiser  and 
introduced  into  the  flow  in  the  plenum  chamber  upstream 
of  the  inlet  ports.  This  atomiser  had  been  shown  to 
produce  droplets  with  Sauter  mean  diameter,  dp,  of  less 
than  2  pm  and  this  corresponds  to  an  effective  Stokes 
number  of  less  than  0.1,  implying  that  droplets  do  follow 
die  mean  flow  even  with  the  occasional  larger  droplet 
and,  dius,  the  uncertainty  due  to  the  wide  size  range  of  the 
droplets  can  be  considered  to  be  negligible. 

3 .  RESULTS  AND  DISCUSSION 

Measurements  of  the  discharge,  flow  and  swirl 
coefficients  and  the  three  components  of  the  mean  and 
rms  velocities  around  the  intake  valves  w«e  obtained  at 
constant  mass  flow  rates  as  a  function  of  the  valve  lift. 
For  comparison  purposes,  three  test  cases  were  examined, 
first  when  only  tte  primary  valve  was  open,  second  when 
the  secondary  valve  was  open  and  thirdly  when  both 
valves  were  open.  The  initial  tests  report  here  were 
made  at  a  mass  flow  rate  of  85  kg/h  through  the  inlet 
ports,  which  corresponds  to  an  engine  mean  piston  speed 
of  Vp=3.155  m/s  for  a  stroke  of  94.6mm  and  an  engine 
speed  of  1000  rpm.  Subsequent  tests  were  performed  at  a 
mass  flow  rate  corresponding  to  3000  rpm  in  order  to 
examine  the  flow  behaviour  at  higher  qieeds  where  the 
volumetric  efficiency  of  the  engine  was  found  to 
deteriorate  (Arcoumanis  et  al,  1995). 

3.1  DISCHARGE,  FLOW  AND  SWIRL 
COEFFICIENTS 

The  discharge  coefficient  is  defined  as  the  ratio 
of  the  measured  mass  flow  rate,  m,  through  the  port  and 
valve  assembly  for  a  given  valve  lift,  L,  and  a  pressure 
ratio,  to  the  isentropic  mass  flow  rate,  mj,  through  an 
ideal  nozzle,  i.e. 

0) 
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and 

mi=A|V[2Popo;j;”(^ 

(2) 

where  P/Pq  is  the  pressure  across  the  port  and  valve 
assembly,  Pq  and  po  are  ambient  pressure  and  density,  y 
is  equal  to  1.4,  and  A]  is  the  curtain  area  defined  as 
Ai=7tNDhL  where  N  is  the  number  of  intake  valves  aitd  Dh 
is  the  valve  head  diameter  (=29.77mm). 

The  flow  coefficient  is  defined  as  the  ratio  of  the  measured 
macs  flow  rate  to  the  theoretical  mass  flow  rate  through 
the  valve  iimer  sit  area  and  is  expressed  as; 


Cf= 


m 

pVoAj 


where  Aj  is  the  valve  inner  sit  area. 


(3) 


where 


Dj  is  the  valve  inner  sit  diameto'  (=26.2mm)  and  Vg  is 
the  head  velocity  derived  fiom  the  pressure  drop  across 
the  valve  using  the  compressible  flow  equation: 


ink 

Y-1  Po  ^0 


(4) 


The  swirl  coefficient  is  essentially  the  ratio 
of  the  flow  angular  momentum  to  its  axial  momentum. 
With  the  impulse  torque  meter  the  simplest  definition 
according  to  Heywood  (1988)  is 


Cs= 


8Tr 

mVoB 


(5) 


where  Tf  is  the  induced  torque  and  B  is  the  bore  diameter. 
The  variation  of  the  discharge,  flow  and  svnrl  coefficients 
with  valve  lift  is  presented  in  figure  3  for  a  constant  mass 
flow  rate  of  85  kg/h.  The  discharge  coefficient,  Cfl, 
shows  in  all  cases  a  sharp  decrease  up  to  a  valve  lift  of 
L/D=0.083  (or  2.Srrun)  and  a  slightly  smaller  decrease 
thereafter;  no  measurements  were  obtained  at  valve  lifts 
less  than  LyD=0.067  for  the  cases  when  only  the  primary 
or  the  secondary  valve  was  open  because  the  mass  flow 
rate  of  85  kg/h  could  not  be  achieved.  The  results  also 
show  that  the  secondary  valve  produces  a  imich  higher 
discharge  coefficient  than  the  primary  valve  at  all  lifts 
except  at  the  very  low  lifts  (less  than  0.083)  where  the 
difference  becomes  very  small;  for  example,  at  full  lift 
(L/D=0.275  or  8.2mm)  the  with  the  secondary  valve  is 
20%  higher  than  the  primary  valve.  When  both  valves 
are  open,  C(]  reduces  fiom  a  value  of  0.78  at  the  lowest  lift 
to  a  value  of  033  at  full  lift  and  the  results  follow  those 
of  the  primary  valve  very  closely  in  that  Cj  is  higher 
with  the  primary  valve  up  to  L/D=0.1  and  consistently 
lower  afterwards;  the  C^j  with  the  primary  valve  open  is 
higher  by  5.6%  at  L/D=0.067  while  at  full  lift  it  is  lower 
by  4%. 


Unlike  the  Qj  variation,  the  flow  coefficient 
based  on  the  inner  valve  sit  cross-sectional  area,  Cf, 
shows  an  increase  with  increasing  valve  lift  for  aU  cases. 
Its  values  increase  sharply  aral  linearly  up  to  a  valve  lift 
ratio  of  0.125  after  which  die  rates  of  increase  reduce 
considerably  until  L/D=0.2  and  then  remain  almost 
constant  with  a  small  and  gradual  increase  until  the  full 
lift  L/D  of  0.275.  The  differences  between  the  Cf  values 
for  different  flow  cases  are  similar  to  those  of  Cd,  so  that 
at  fun  lift  the  value  of  Cf  when  the  secondary  valve  is 
open  is  higher  by  14%  and  20%  than  the  corresponding 
values  when  both  valves  are  open  and  when  the  primary 
valve  is  open,  respectively. 

The  results  of  the  swirl  coefficient,  Cs,  show 
mariced  differences  between  the  three  flow  cases  but  in  a 
reverse  order  to  that  of  the  discharge  coefficient,  that  is 
the  highest  swirl  coefficient  is  generated  by  the  primary 
valve  followed  by  that  when  both  valves  are  open  while 
the  lowest  swirl  coefficient  is  generated  by  the  secondary 
valve  which  produced  the  highest  coefficient  of 
discharge.  With  the  secondary  valve  open  the  Cj 
increases  mildly  with  valve  lift  to  a  maximum  value  of 
0.16  at  L/D=0.15  and  then  reduces  very  slowly  so  that  at 
full  lift  it  is  0.125.  The  results  of  the  primary  valve  and 
for  the  case  when  both  valves  are  open  exhibit  similar 
trends  in  which  the  Cs  values  increase  sharply  until 
L/D=0.14  and  then  Oie  rate  of  increase  reduces  till 
iyd=0.2  after  which  it  increases  again.  At  full  lift,  the 
swirl  coefficient  generated  by  the  primary  valve  is  0.675 
compared  to  0.125  when  only  the  secondary  valve  is 
open.  The  value  of  Cs  when  both  valves  are  open  at  full 
lift  is  0.49  which  is  273%  lower  and  390%  higher  than 
diose  of  the  primary  and  secondary  valve,  respectively. 
These  results  confirm  that  when  a  higher  degree  of  swirl 
is  required,  as  for  example  at  low  speeds  to  improve 
mixing,  the  use  of  the  primary  valve  is  necessitated  and 
when  a  higher  mass  flow  rate  is  required,  as  for  example  at 
high  speeds,  bodi  valves  should  be  used. 

3.2  VELOCriY  MEASUREMENTS 

The  diree  velocity  components  around  the 
intake  valves  were  measured  for  all  diree  flow  cases  at  a 
mass  flow  rate  of  85  kg/h  and  full  valve  lift,  8.2mm. 
Measurements  were  taken  at  different  axial  locations  fiom 
the  tip  of  die  valves  to  a  distance  2mm  fiom  the  cylinder 
head  in  circumferential  positions  a,  b,  c  and  d  around  the 
secondary  valve  (SV)  and  a',  b',  c'  and  d*  around  the 
primary  valve  (PV)  as  shown  in  figure  1(b),  with  a  radial 
distance  from  ffie  tip  of  the  valve  bead  of  03mm  for  the 
axial  and  radial  velocity  components  and  1mm  for  the 
swirl  component  The  mean  and  rms  velocities  are 
normalised  in  all  cases  with  the  mean  piston  speed,  Vp, 
equal  to  3.155  m/s  at  1000  ipm.  The  results  are  present^ 
as  velocity  profiles  and  in  vector  forms  and  the  three  flow 
cases  are  examined  below  separately. 
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(a)  L/D 


Fig.  3  Variation  of  discharge  and  swirl  coefficients  at  a  constant  mass  flow  rate  of  85  kg/h  and  as  a  function  of  valve 
lift;  (a)  discharge  coefficient,  (b)  flow  coefficient,  (c)  swirl  coefficient 
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3.2.1  PRIMARY  VALVE  OPEN 

The  measured  velocity  profiles  and  deduced 
vectors  around  the  primary  valve  are  shown  in  figure  4 
together  with  the  position  of  the  valve  and  the  cylinder 
wall.  The  axial  flow  at  the  exit  planes,  figure  4(a),  shows 
a  lion-uniform  distribution  of  tire  axial  velocity  around 
the  valve  so  that  the  velocities  are  lowest  with  a 
TTiaTimiim  of  5Vp  at  plane  b’,  upstream  of  the  end  of  the 
helical  ramp  of  the  port,  and  then  increase  considerably 
in  the  clockwise  direction  to  the  largest  values  in  plane  a’ 
with  a  maximum  value  of  18Vp;  the  maximum  velocities 
in  planes  c'  and  d'  are  around  12Vp  and  16Vp, 
respectively.  Surprisingly,  the  velocity  profile  across 
the  valve  gap  in  plane  c'  exhibits  a  double  peak  which 
may  be  due  to  the  proximity  of  the  measuring  plane  to  the 
edge  of  the  helical  ramp  of  the  port 

A  similar  non-uniformity  can  be  seen  in  the 
circumferential  distribution  of  the  radial  mean  velocity, 
figure  4(b),  with  maximum  values  in  plwe  a'  of  24Vp 
which  are  more  than  50%  higher  than  the  maximum 
values  in  planes  b'  and  c'.  Like  the  axial  flow  at  plane  c',  a 
similar  double  peak  profile  can  be  seen  here  with  a 
minimum  value  in  the  middle  of  the  valve  gap.  It  is  also 
interesting  to  note  that  despite  the  cylinder  wall 
proximity  at  plane  d',  the  axial  and  radial  velocities  in 
this  plane  are  larger  than  those  in  plane  b'  where  the 
cylinder  wall  is  at  a  much  larger  distance.  Ihis  is  because 
plane  d'  is  more  aligned  with  the  axis  of  the  inlet  port, 
which  is  directed  along  the  wall  of  the  cylinder,  than 
plane  b'  and  the  results  emphasise  the  dominant  influence 
of  the  port  position  on  the  flow  around  the  intake 
valves. 

The  swirl  velocity  distribution  around  the 
valve,  figure  4(c),  is  more  uniform  and  reduced  in 
magnitude  than  the  other  two  velocity  components,  with 
the  lowest  values  in  plane  b',  similarly  to  the  axial  and 
radial  velocity,  and  largest  values  in  plane  d"  with 
magnitudes  of  up  to  13Vp;  the  velocity  in  all  planes 
increases  from  the  tip  of  the  valve  towards  flie  cylinder 
head.  The  relative  magnitude  of  the  axial/radial  and 
radial/tangential  velocities  indicates  a  variation  of  the 
discharge  and  angular  flow  directions,  respectively, 
which  will  be  discussed  again  when  the  velocity  vectors 
are  presented  later.  The  rms  velocity  variation  of  all  three 
components  follows  the  trends  of  the  mean  flow  with  the 
velocities  not  uniformly  distributed  around  the  valve 
periphery;  the  anisotropy  of  the  flow  is  evident  from  the 
comparison  of  the  three  rms  components.  The  level  of 
turbulence  is,  however,  relatively  high  in  all  three 
components  varying  from  1  Vp  to  5V p. 

The  non-uniformity  of  the  discharging  flow 
around  the  valve  is  more  evident  from  the  vector  addition 
of  the  axial  and  radial  velocity  components  shown  in 
figure  4(d),  with  largest  and  lowest  values  at  planes  a’  and 
b’,  respectively.  The  results  also  reveal  that  the  flow 
angle  with  respect  to  the  valve  axis  varies  slightly  along 
the  gap,  so  that  in  general  the  flow  angle  tends  towards 
the  valve  axis  as  the  flow  approaches  the  valve  tip;  the 
reverse  axial  velocity  at  the  tip  of  the  valve  and  just 
below  it  is  an  indication  of  die  reverse  flow  being  part  of 
the  recirculation  zone  formed  beneath  flie  valve  head.  The 
flow  angle  variation  from  one  plane  to  another  is  also 


evident  so  that  the  average  flow  angle  at  planes  a',  b',  c' 
and  d'  is  43®,  66®,  38®  and  50®,  respectively.  The  vector 
addition  of  the  radial  and  tangential  mean  velocity 
components,  shown  in  figure  4(e),  reveals  more  clearly 
the  flow  pattern  around  the  valve  and  indicates  drat  the 
flow  nngip.  with  respect  to  the  valve  radius  varies  only 
slighdy  within  the  valve  gap  expect  in  plane  d'  where  the 
flow  angle  close  to  the  cylinder  head  wall,  at  z=2.2irun,  is 
much  larger  than  that  close  to  the  tip  of  the  valve,  at 
z=6.2mm.  The  variation  of  the  flow  angle  around  the 
valve  periphery  changes,  however,  more  drastically  with 
the  average  values  at  a’,  b',  c'  and  d'  being  25®,  30®,  34.5® 
and  45®.  Similar  trends  have  been  reported  by 
Arcoumanis  et  al.  (1987)  and  Haghgooie  et  al.  (1984)  for 
helical  ports  in  two-valve  heads. 

3.2.2  SEODNDARYVALVECffEN 

Similar  measurements  to  those  of  the  primary 
valve  were  made  around  the  secondary  valve  and  are 
shown  in  figure  5.  .Similar  trends  to  those  observed  with 
the  primary  valve  can  be  seen  here  but  the  distribution  of 
die  axial  and  radial  velocities,  figures  5(a)  and  (b),  along 
the  valve  gap  and  around  the  periphery  of  the  valve  is 
more  uniform  in  the  case  of  the  secondary  valve;  the 
maximum  axial  velocities  in  planes  a,  b,  c  and  d  are 
12.5Vp ,  17Vp  ,13Vp  and  73Vp  ,  and  the  corresponding 
maximum  radial  velocities  are  15Vp  ,  19Vp  ,16Vp  and 
7.5Vp  .  It  is  also  evident  that  the  maximum  axial  and 
radial  flow  is  in  plane  b  which  is  expected  since  this 
plane  is  in-line  with  the  inlet  port  axis;  planes  a  and  c 
seem  also  to  benefit  from  this  proximity.  The  swirl 
velocity  presented  in  figure  5(c)  shows  a  more  uniform 
distribution  around  the  valve  dian  that  of  the  primary 
valve  but  with  slightly  smaller  magnitudes.  All  mean 
velocity  components  in  plane  d  are  smaller  than  in  the 
other  planes  due  to  its  proximity  to  the  end  of  the  ramp  of 
the  port  and  also  due  to  the  confinement  by  the  cylinder 
wall.  The  values  of  normal  shear  stresses  presented  as  rms 
velocities  are  high,  like  in  die  case  of  the  primary  valve, 
and  follow  the  mean  flow  variation;  their  levels  vary 
from  values  as  low  as  IVp  just  below  the  valve  tip  to  a 
maximum  of  5Vp  close  to  the  cylinder  head  and  in  the 
region  of  the  strong  shear  layer  above  the  tip  of  the 
valve. 

The  mean  flow  variation  described  above  can  be 
seen  more  clearly  in  figures  5(d)  and  (e)  where  the  vector 
addition  of  the  velocities  is  presented.  The  axially  and 
radially  discharging  flow  around  the  valve,  figure  5(d), 
shows  a  good  degree  of  unifoimity  except  in  plane  d 
where  die  flow  is  significantly  recced  for  the  reasons 
explained  previously.  The  flow  angle  with  respect  to  the 
valve  axis  varies  from  plane  to  plane  so  that  at  planes  a, 
b,  c  and  d  the  angles  arc  45®,  59®,  59®  and  45®, 
respectively,  and  tends  to  become  more  axially  directed 
as  the  flow  approaches  the  tip  of  the  valve.  The  vector 
addition  of  the  radial  and  tangential  mean  velocity 
components,  figure  S(e),  shows  diat  there  is  a  small 
variation  in  the  flow  angle  within  the  valve  and  that 
the  flow  angle  reduces  as  the  flow  approaches  die  valve 
head.  The  variation  of  the  flow  angle  around  the  valve 
periphery  is  also  small  so  that  the  average  flow  angles  at 
planes  a,  b,  c  and  d  are  29®,  9®,  25®  and  32®,  respectively. 


16.3.5. 


Fig.  4  Primary  valve  exit  flow  for  full  lift;  (a)  axial  mean  and  rms  velocity,  (b)  radial  mean  and  rms  velocity,  (c) 
tangential  mean  and  rms  velocity,  (d)  Vector  addition  of  the  axial  and  radial  mean  velocity  components,  (e)  Vector 
addition  of  the  radial  and  tangential  mean  velocity  components. 
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Fig.  5  Secondary  valve  exit  flow  for  full  lift;  (a)  axial  mean  and  nns  velocity,  (b)  radial  mean  and  rms  velocity,  (c) 
tangential  mean  and  ims  velocity,  (d)  Vector  addition  of  the  axial  and  radial  mean  velocity  components,  (e)  Vector 
addition  of  the  radial  and  tangential  mean  velocity  components. 
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Fig.  6  Primary  and  Secondary  valve  exit  flow  for  full  lift;  (a)  axial  mean  and  ims  velocity  at  planes  a-c  and  a’-c’,  (b) 
radial  mean  and  nns  velocity  at  planes  a-c  and  a’-c’,  (c)  tangential  mean  and  rms  velocity,  (c)  axial  mean  and  rms 
velocity  at  planes  b-d  and  b’-d’,  (b)  radial  mean  and  rms  velocity  at  planes  b-d  and  b’-d’,  (e)  tangential  mean  and  rms 
velocity. 
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Fig.  6  Primary  and  Secondary  valve  exit  flow  for  full  lift;  (a)  axial  mean  and  tms  velocity  at  planes  a>c  and  a’>c’,  (b) 
radial  mean  and  ims  velocity  at  planes  a-c  and  a’-c*,  (c)  tangential  mean  and  tms  velocity,  (c)  axial  mean  and  rms 
velocity  at  planes  b-d  and  b’-d’,  (b)  radial  mean  and  rms  velocity  at  planes  b-d  and  b’-d’,  (e)  tangential  mean  and  ims 
velocity. 


which  are  smaller  than  those  of  the  primary  valve 
suggesting  lower  overall  swirl  levels. 

3.2.2  BOTH  VALVES  OPEN 

Measurements  were  also  obtained  when  both 
valves  remained  open  and  at  the  same  lift  and  mass  flow 
rate  of  85  kg/s  to  the  two  previous  cases  when  either  the 
PV  or  the  SV  was  open;  the  results  are  presented  in  figures 
6  and  7.  Due  to  the  presence  of  the  valve  head  and  stem  in 
ftont  of  the  laser  beams,  the  measurement  of  the 
tangential  velocity  at  planes  b  and  b’  was  not  possible. 
The  variation  of  the  mean  and  nns  velocity  profiles  of  all 
three  components  around  the  valve  is  presented  in  figure 
6  and  shows  similar  trends  to  the  corresponding  profiles 
obtained  when  one  of  the  valves  was  open,  but  with  much 
smaller  magnimdes,  around  half,  which  is  expected  since 
the  annular  flow  area  here  is  twice  as  large  as  with  one 
valve  open;  because  of  the  different  scaling  between  the 
flow  cases,  direct  comparison  is  not  straightforward.  The 
distribution  of  the  rms  velocities  indicates  the  high  level 
of  turbulence  intensities  in  all  three  components  with 
values  of  around  0.4Vp  in  plane  b  and  c  to  a  maximum  of 

3.4Vp  in  plane  c'. 

The  interaction  between  the  two  flows 
discharging  fiom  the  intake  valves  can  be  better  seen  in 
vector  form  in  figure  7(a).  The  flow  angle  of  the 
discharging  flow  around  the  SV  is  slightly  affected,  with 
the  largest  changes  in  plane  b  where  the  flow  angle 
becomes  smaller  by  up  to  5®.  The  discharging  flow  at 
plane  b'  of  the  PV  is  however  affected  by  the  strong  jet 
coming  fiom  the  opposite  direction  and  evident  in  plane 
b  of  SV  so  that  the  flow  profile  exhibits  a  bimodal 
distribution;  this  in  turn  is  affecting  the  flow  at  plane  b 
of  SV  too,  although  to  a  smaller  degree,  by  reducing  the 
flow  angle  as  shown  above.  The  flow  in  plane  a’  seems  to 
be  unaffected,  but  at  c’  the  flow  changes  considerably 
compared  to  the  flow  when  only  the  PV  valve  was  open, 
and  in  such  a  way  that  the  flow  angle  reduces  tom  55® 
close  to  the  cylinder  head  to  nearly  zero  at  tiie  tip  of  the 
valve  head.  This  implies  that  the  radial  flow  is  impaired 
by  the  incoming  strong  jet  tom  plane  c  of  the  SV  which 
is  directed  along  the  wall  by  the  surrounding  liner  and  by 
the  impingement  of  the  two  discharging  jets  at  planes  b 
and  b'.  This  effect  at  plane  c'  can  also  be  seen  in  figure 
7(b),  where  the  addition  of  the  radial  and  tangential  mean 
velocities  is  jnesented,  tom  the  increase  in  flie  flow 
angle  relative  to  the  valve  radius  (50.5®  compared  to 
34.5®)  and  the  smaller  magnitude  compared  to  the  case 
when  the  PV  was  only  open.  This  in  turn  resulted  in  lower 
flow  angles  in  planes  d'  and  a'  by  3®  and  7®,  respectively, 
compared  to  the  case  when  only  the  PV  valve  was  open. 
The  average  flow  angles  at  the  planes  around  the  SV  seem 
to  be  unaffected. 

4 .  CONCLUSICWS 

The  steady  flow  characteristics  around  the  two 
intake  valves  of  a  production  four-valve  diesel  cylinder 
head  were  investigated  by  laser  Doppler  velocimetry  for  a 
mass  flowrate  of  85  kg/h  corresponding  to  lOOOrpm 
engine  speed  and  the  most  unportant  findings  are 
summarised  below. 


The  discharge  and  flow  coefficients  of  the 
primary  valve  Were  lower  than  those  of  the  secondary 
valve  at  all  valve  lifts,  with  a  maximum  difference  of 
more  than  20%  around  the  maximum  lift;  when  both 
valves  were  open  the  values  of  the  coefficients  woe  in 
between  but  much  closer  to  those  of  fire  primary  valve. 
The  reverse  trend  was  observed  for  the  swirl  coefficient  in 
ttiat  the  primary  valve  was  generating  much  higher  swirl 
than  the  secondary  valve  by  more  flian  sixfold;  in  the 
case  when  both  valves  wrae  open,  the  value  of  the  swirl 
coefficient  was  again  found  to  fall  between  the  values 
obtained  with  the  two  individual  valves. 

The  discharging  flow  around  the  primary  valve 
was  found  to  be  non-unifoim  with  the  maximum  flow 
observed  at  planes  which  are  in-line  with  the  inlet  port 
axis  and  the  minimiiTn  flow  at  planes  towards  the  end  of 
the  helical  ramp  of  the  port;  this  non-uniformity  of  the 
flow  was  found  to  be  less  pronounced  around  the 
secondary  valve.  When  both  valves  were  open  the 
discharging  flow  tom  the  secondary  valve  was  little 
affected  by  the  opening  of  the  primary  valve,  while  its 
effect  on  the  exit  flow  of  the  primary  valve  was  much 
more  substantial,  especially  in  two  out  of  the  four 
examined  planes  of  the  primary  valve  where  the  local 
flows  were  found  to  be  greatly  modified  by  the  jet  flow 
exiting  tom  the  secondary  valve. 

The  distribution  of  the  turbulence  intensity  was 
found  not  to  be  uniform  around  the  valves,  following  the 
trend  of  the  mean  flow.  The  turbulence  was,  in  general, 
anisotropic  in  all  cases  with  maximum  levels  of  up  to 
5Vp  near  foe  cylinder  head  and  in  foe  strong  shear  layer 
just  above  foe  valve  tip  for  the  case  of  foe  individual 
valves  being  open;  with  both  valves  open  the  maximum 
turbulence  intensity  was  about  3.4Vp. 

Overall,  it  is  clear  that  certain  improvements  in 
foe  design  of  production  four-valve  diesel  cylinder  heads 
are  desirable  and  necessary  in  order  to  reduce  the 
interaction  between  foe  flows  discharging  tom  the  two 
intake  valves.  This  effect  is  expected  to  be  more 
pronounced  at  the  higher  air  flowrates  corresponding  to 
the  higher  end  of  foe  speed  range  of  passenger  car  diesel 
engines  where  volumetric  efficiency  deteriorates. 
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ABSTRACT 

Research  and  development  work  carried  out  to 
provide  a  method  to  measure  accurately  instantaneous 
flow  rates  in  periodically  operating  systems  is 
summarized  in  this  paper.  The  instantaneous  flow  rate 
is  reconstructed  from  axial  velocity  time  series 
measured  by  a  laser  Doppler  anemometer  on  the 
center-line  of  a  capillary  pipe  flow.  The  theoretical 
background  on  which  the  evaluation  of  the 
instantaneous  flow  rate  is  based  is  provided.  It  is 
shown  that  the  axial  mean  velocity  is  sufficient  to 
reconstruct  the  periodically  varying  flow  rate  and  the 
pressure  gradient.  The  application  of  the  proposed 
method  is  described  and  an  instrument  suggested  that 
can  be  employed  in  many  fields  where  fast, 
periodically  varying  flow  rates  occur,  and 
instantaneous  information  is  needed. 


1.  INTRODUCTION 

Fuel  injection  systems  are  devices  that  provide, 
over  a  finite  time  span,  fuel  injection  through  the 
nozzle  and  shape  the  fuel  jet  or  fuel  film  in  such  a 
way  that  spray  formation  occurs.  The  nozzle 
geometry  and  the  instantaneous  flow  rate  of  the  fuel 
through  the  nozzle  define  the  spray’s  initial 
properties;  surrounding  fluid  properties  are  also 
important.  Since  there  is  no  measuring  system 
available  that  directly  measures  the  instantaneous  fuel 
flow  rate  through  the  nozzle,  one  usually  uses 
secondary  information  that  defines  this  flow  rate  (e.g. 
time-varying  pressure,  needle  lift,  nozzle  geometry). 
All  these  parameters  can  easily  be  measured 


nowadays  and  it  is  also  known  that  they  somehow 
define  the  instantaneous  flow  rate  through  the  nozzle. 
However,  it  remains  unknown  how  the  flow  rate  is 
related  to  them.  Calibration  is  usually  provided  by 
static  calibration  of  the  flow  rate  versus  pressure  by 
neglecting  the  dynamic  effects  resulting  from  the 
needle  opening,  the  fuel  supply  line,  and  the 
combustion  chamber  itself.  The  above-mentioned, 
commonly  accepted  procedure  to  provide  information 
on  the  instantaneous  fuel  injection  flow  rate  is  far 
from  being  sufficient  to  provide  the  basis  for 
advanced  research  and  development  work  into  spray 
injection  systems.  At  LSTM-Erlangen,  a  method  has 
been  developed  to  perform  instantaneous  flow  rate 
measurements  as  they  occur  during  fuel  injection. 

2.  MEASUREMENT  TECHNIQUE  AND 

INSTRUMENTATION 

2.1  Theoretical  Derivations 

The  principle  for  a  measuring  technique  for 
instantaneous  periodic  volume  flow  rates  has  been 
described  in  detail  in  Durst  et  al.  (1996).  The 
analytical  solution  of  Lambossy  ( 1952)  for  the 
velocity  field  of  the  harmonic  oscillating  fully 
developed  laminar  pipe  flow,  which  is  driven  by  a 
time-varying  pressure  gradient  is  used  and  extended 
for  an  arbitrarily  time-varying  pressure  gradient, 
which  may  be  expressed  by  means  of  a  Fourier 
expansion.  The  linearity  of  the  governing  equation 
permits  the  resultant  velocity  field  to  be  computed  as 
a  superposition  of  Lambossy"  s  solutions  by  taking 
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into  the  summation  each  of  the  n  terms  of  the  pressure 
gradient: 
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where  U(r,t)  is  the  axial  velocity  distribution  across 
the  pipe,  V(t )  is  the  instantaneous  volume  flow  rate, 

C.C.  is  the  complex  conjugate,  Ta  the  Taylor  number, 
r  the  radial  distance  from  the  pipe  center-line,  R  the 
pipe  radius,  Jg,/,  the  Bessel  function  of  zero  and 

first  order,  co  the  frequency  of  oscillation  and  v  the 
fluid  kinematic  viscosity.  Computing  the  pressure 
gradients  /7gand  permits  the  time-varying  flow 

rate  Vfrjto  be  calculated.  The  above  derivations 
applied  to  the  center-line  velocity  of  a  fully 
developed  laminar  pipe  flow  can  be  processed  to 
yield  the  coefficients  of  the  appropriate  Fourier  terms, 
which  can  subsequently  be  employed  to  compute  the 
instantaneous  volume  flow  rate  through  the  pipe,  see 
Durst  et  al.  (1996). 

Validation  of  the  above  formula  is  limited  to  fully 
developed  laminar  flow  conditions. 

2.2  Practical  realisation 


A  measuring  instmment  very  suitable  for  the 
accurate  measurement  of  the  instantaneous  flow  rate 
of  periodically  varying  fully  developed  laminar  pipe 
flow  was  built  at  LSTM-Erlangen.  The  instrument  is 
based  on  the  LDA  technique  for  center-line  velocity 
measurements,  see  Bopp  et  al.  (1989),  Durst  et  al. 
(1993).  The  test-rig  consisted  of  a  pressure  vessel 
which  was  filled  with  a  liquid  used  in  the 
experiments  as  a  working  fluid.  The  pressurized  gas 
in  the  vessel  pushed  the  working  fluid  through  the 
pipe  system  including  a  test  section  with  a  glass  pipe 
of  typical  internal  diameter  d  =  2  or  3  mm.  Inside  this 
glass  pipe  the  measurement  volume  of  the  LDA 
system  was  positioned  on  the  center-line  of  the  pipe 


(Fig.  1)  and  the  time-dependent  velocity  distribution 
over  a  large  number  of  cycles  was  measured. 

Time  variations  of  the  flow  in  the  pipe  were 
driven  by  an  injector  mounted  at  the  end  of  the  glass 
pipe.  Within  each  cycle,  predetermined  opening  times 
could  be  selected,  and  each  period  was  divided  into 
1000  slots  (phases  x)  within  which  the  velocity  data 
were  collected  over  a  large  number  of  cycles.  An 
ensemble-averaging  procedure  was  used  to  calculate 
the  mean  velocity  on  the  pipe  center-line.  At  the  exit 
of  the  valve  the  liquid  was  collected  to  perform  the 
mass  balance.  The  LDA-system  (Fig.  1)  includes  an 
He-Ne  laser  (30  mW  in  the  TEMqq  mode,  X  = 
0.6328  |Ltm).  The  laser  beam  was  passed  through  a 
beamsplitter,  resulting  in  two  output  beams  of  equal 
intensity.  These  were  passed  through  Bragg  cells  to 
provide  a  relative  frequency  shift  (from  a  few  kHz  to 
a  few  Mhz).  The  crossing  point  was  positioned  on  the 
center-line  of  the  glass  pipe.  The  diameter  of  the 
measurement  volume  was  47  p.m,  its  length  was  190 
|im,  and  the  interference  fringe  spacing  was  1.794 
pm.  Light  scattered  from  the  measurement  volume 
was  collected  in  the  forward  direction  and  was 
passed  on  to  an  avalanche  photodiode  (APD).  Its 
output  signal,  containing  frequency  (velocity) 
information,  was  processed  with  a  LDA  signal 
processor  (TSI  1980). 


Fig.  1  Scheme  of  the  test  rig  for  instantaneous 
flow  rate  measurements 

The  counter  was  connected  to  an  interface  board, 
which  transferred  the  data  to  an  IBM-compatible  PC. 
Additionally,  the  information  of  the  phase  was  also 
transferred  to  the  PC. 
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3.  APPLICATION  OF  LDA  FLOW  RATE 
METER  TO  OPERATING  GASOLINE 
INJECTORS 

3.1  Overall  characteristics  of  operating  injetion 
systems 

Some  examples  showing  the  main  features  and 
capabilities  of  the  technique  are  presented  below  on 
the  basis  of  experiments  performed  on  gasoline 
injectors.  The  distributions  of  center-line  velocity 
phase  series  and  corresponding  reconstructed  flow 
rates  for  different  valve  operating  frequencies  at  x  = 
10  %  opening  time  of  the  valve  are  shown  in  Fig.  2. 


(a) 


(b) 


Fig.  2  Center-line  velocity  time  series  (a)  and 

reconstructed  flow  rate  (b)  for  p  =  0.3  MPa 
T  =  10%  and  different  frequencies  (water 
flow) 

Significant  wavy  effects  after  valve  closing  are 
clearly  observed.  As  shown,  temporal  distributions  of 
axial  velocity  and  flow  rate  correspond  to  the  valve 


opening  period  with  some  offset  (phase  shift),  which 
depends  significantly  on  the  operating  frequency,  as 
shown  in  Figure  3. 

The  distributions  of  the  center-line  velocity  and 
the  corresponding  reconstructed  flow  rates  for 
different  opening  periods  of  the  valve  at  f  =  10  Hz  are 
shown  in  Fig.  3. 


Fig.  3  Center-line  velocity  time  series  (a)  and 

reconstructed  flow  rate  (b)  for  p=0.3  MPa 
f=10Hz  and  different  opening  times  (water 
flow) 

In  figs.  4  and  5  the  opening  characteristic  of  the 
valve  is  presented  for  different  frequencies  in 
absolute  time  scale.  In  order  to  verify  the 
independence  of  the  injection  characteristics  from  the 
operating  frequency,  the  opening  procedure  of  the 
valve  is  presented  in  absolute-time  series  for  two 
different  frequencies  and  opening  durations.  The 
operating  parameters  were  chosen  in  such  a  way  that 
the  resulting  absolute  opening  time  t  of  the  valve  was 
kept  constant. 
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Fig.  4  Reconstructed  flow  rate  at  valve  opening  in 
absolute  time  scale  for  t=5  ms  opening 
duration 


time  [ms] 

Fig.  5  Reconstructed  flow  rate  at  valve  opening  in 
absolute  time  scale  for  t=10  ms  opening 
duration 


Fig.  6  Velocity  profiles  correspondent  to  fig.  4 
at  an  absolute  time  of  0  ms 


Although  the  operating  frequency  and  relative 
opening  duration  are  different  (absolute  opening  time 
is  constant)  the  reconstracted  flowrate  distributions 
are  almost  identical.  However,  the  reconstructed 
velocity  profiles  in  the  test  section  are  different 
because  of  the  different  operating  conditions, 
resulting  in  different  dynamic  characteristics  of  the 
flow  system,  as  shown  in  fig.6  at  the  start  of  the 
period. 

The  situation  with  lower  frequency  (dashed  line) 
is  more  similar  to  a  "plug  flow"  whereas  the  case  at 
higher  frequencies  (solid  line)  is  the  velocity  profile 
more  developed.  This  is  because  at  lower  frequencies 
the  flow  had  time  to  settle  down  after  the  valve 
closing  (except  at  the  boundaries). 

According  to  the  above  findings,  it  is  sufficient 
to  present  the  full  injector  characteristics  at  different 
opening  durations  only  at  a  single  operating 
frequency.  Examples  of  differential  and  integral 

injection  characteristics  of  gasoline  injector  are  given 
in  fig.  7. 
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Fig.  7  Differential  and  integral  injection 
characteristics  (gasoline  flow) 

The  flowrate  distribution  indicates  that  the 
amount  of  injected  liquid  is  basically  dependent  on 
the  absolute  opening  time  of  the  valve.  This  result  has 
significant  implications  for  electronically  controlled 
gasoline  injection  systems  in  IC-engines. 

3.2  Tests  with  dOifferent  pipe  diameters 

The  validity  of  the  technique  was  also 
investigated  by  comparing  data  for  the  same  mean 
flow  rates  but  for  different  internal  diameters  of  the 
glass  (test)  pipe,  as  shown  in  Fig.  8.  The  data  are 
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compared  for  two  pipe  diameters  (d  =  2  and  3  mm). 
For  significantly  different  center-line  velocity 
distributions  the  reconstructed  flow  rate  is  very 
similar  (within  the  repeatability  of  the  flow 
conditions).  The  reconstructed  flow  rates  are  very 
similar  for  both  pipe  diameters  investigated. 
However,  differences  in  the  wavy  effects  are  clearly 
observed  due  to  significant  differences  in  the  pressure 
waves  penetration  through  the  test  section,  especially 
after  the  valve  closing.  For  the  larger  pipe  these 
fluctuations  are  significantly  reduced. 


(a) 


(b) 

Fig.  8  Center-line  velocity  time  series  (a)  and 

reconstructed  flow  rate  (b)  for  p=0.3  MPa 
f=10  Hz  t=10  %  and  different  pipe  diameters 
(water  flow) 


In  fig.  9  the  reconstructed  velocity  profiles  for 
both  pipe  diameters  at  same  operating  conditions  and 
at  an  absolute  time  of  2  ms  are  presented. 


Fig.  9  Reconstructed  velocity  profiles  at  1  ms 
absolute  time  corresponding  to  fig.  8 

As  shown  in  fig.  8  the  transient  characteristics  at 
opening  and  closing  are  different  for  the  two  pipe 
diameters.  The  larger  pipe  diameter  is  characterized 
by  steeper  flowrate  gradients  at  the  beginning  of  the 
opening.  The  flowrate  level  during  the  open  period  is 
the  same  for  both  pipe  diameters.  After  valve  closing, 
the  oscillations  of  the  pipe  flow  are  reduced  in 
amplitude  and  frequency  for  the  larger  pipe  (3mm)  in 
comparison  to  the  smaller  pipe  (2mm).  By  comparing 
the  two  curves  of  fig.  8a  one  can  see  that  the 
acceleration  of  the  fluid  elements  in  the  centre  of  the 
pipe  is  the  same  for  both  pipe  diameters.  However,  in 
the  case  of  the  smaller  pipe,  larger  velocities  have  to 
be  reached  in  order  to  get  the  same  flowrate,  which  is 
basically  defined  by  the  pressure  losses  of  the 
injector.  This  results  in  longer  times  until  the  highest 
velocity  is  reached  in  the  case  of  the  smaller  pipe. 
The  same  behaviour  is  observed  during  the 
oscillations  that  occur  when  closing  the  valve  (same 
acceleration  rate,  higher  velocities  resulting  in  longer 
times  for  the  smaller  pipe  diameter). 

Because  of  the  significant  differences  in  the 
velocity  level  between  the  two  pipe  diameters  (fig  8a) 
the  velocity  profiles  in  fig.  9  at  2  ms  are  correspon- 
dently  different.  However,  the  smaller  pipe  has  a 
more  “developed"  velocity  profile,  because  of  the 
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larger  velocities  across  the  entire  pipe  section. 
However  the  integrated  injection  characteristics  are 
practically  the  same  for  both  investigated  pipe 
diameters  as  shown  in  fig.  10. 
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Fig.  10  Differential  and  integral  injection 

characteristics  for  two  pipe  diameters 


4.  CONCLUSIONS 

The  presented  technique  shows  that  the  center- 
line  axial  velocity  of  a  fully  developed  oscillatory 
laminar  pipe  flow  is  suitable  for  computing  the 
instantaneous  volume  flow  rate.  For  these 
measurements  the  LDA  technique  provides  velocity 
information  with  sufficient  time  and  spatial 
resolution.  A  laser  Doppler  flow  rate  meter  has  been 
built  and  applied  to  operating  gasoline  injectors.  The 
only  requirements  for  the  application  of  the 
instrument  are  the  following; 

•  arbitrary  periodic  flow  conditions; 

•  laminar  flow; 

•  sufficient  entrance  and  outlet  lengths  in  order  to 
have  a  fully  developed  laminar  oscillatory  flow; 

•  transparent  fluid  with  tracer  particles,  in  order  to 
make  LDA  measurements  possible; 

•  a  phase-timing  unit  or  an  angle  encoder  in  order  to 
build  phase  averages  of  the  recorded  velocity-time 
series. 

The  demonstrations  included  frequencies  that  are 
of  technical  relevance,  i.e.  for  injection  systems 
employed  in  the  automobile  industry. 

As  shown,  for  a  given  injector,  the  instantaneous 
flow  rate  distribution  over  the  valve  opening  period  is 
independent  of  the  operating  frequency  and  depends 
only  on  the  opening  duration. 


In  general,  the  increase  in  flow  rate  is  a  function 
of  the  opening  characteristic  of  the  electromagnetic 
valve  employed  but  also  of  all  the  elements 
incorporated  in  the  pipe  system.  They  all  contribute 
to  the  time  constant  describing  the  increase  in  flow 
rate  just  after  valve  opening.  Especially  the  upstream 
pipe  diameter  influences  the  time  constant  of  the 
injection  system.  This  results  in  different  transient 
behaviour  during  the  valve  opening  and  closing  but 
not  during  the  open  period  of  the  injector. 
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The  streaky  structures  in  a  Reynolds  number  6,8W 
turbulent  channel  flow  are  studied  using  PFV.  Streamwise- 
spanwise  planes  at  vertical  locations  y"*"  =  16,  20,  50,  80, 

110  and  385  are  investigated.  The  fluctuating  velocity 
fields  clearly  contain  low-  and  high-speed  streaks. 

Filtering  techniques  separate  the  streaks  from  small, 
roughly  drcular  vortices  that  are  evident  in  each  of  the 
fluctuating  fields.  The  low-pass  filtered  field  gives  the  low- 
speed  and  high-speed  streaks,  and  the  high-pass  filtered 
field  gives  the  same  'circular'  vortices.  The  lowpass-filterM 
field  larger,  roughly  circular  vortices  that  occur  in 

conjunction  with  the  complementary  streaks.  This 
association  is  consistent  with  the  low-speed  streaks  bemg 
formed  by  inclined  vortices  or  hairpin  vortices  that  are 
mere  mature  dian  the  smaller  vortices.  The  latter  appear 
uncotrelated  with  the  former. 

Visual  evaluation  of  the  low-speed  streak  patte^  m 
the  PIV  data  indicates  spanwise  streak  spacing  that  is 
consistent  with  previous  investigations,  i.  e.  A"*"  _  100  at 
the  wall,  and  increases  with  increasing  y"'’.  However, 
quantitative  Fourier  analysis  shows  that  A"*"  =  100  is 
actually  the  weaker  of  several  larger  wavelength  modes. 

Introduction 

Streaky  structures  containing  low-momentum  and 
high-momentum  flows  in  the  streamwise  direction  ^e 
important  organized  motions  found  in  the  near  wall  region 
of  wall  turbulence.  Most  experimental  studies  have  been 
based  on  qualitotive  flow  visualization  with  hydrogen 
bubble  line  or  dye  injection  techniques  (e.  g.  see  Kline  et 
cd,  1967,  Smith  &  Metzler,  1983).  The  present  work  smdies 
the  streaky  structures  in  a  turbulent  channel  flow  at  a 
moderate  Reynolds  number  by  using  particle  image 
velocimetry  to  examine  the  whole  flow  field  quantitatively. 
Six  streamwise-spanwise  planes  at  different  distances 
above  the  wall  have  been  investigated.  The  PIV  results 
show  that  in  the  buffer  and  logarithmic  layers  the 
fluctuating  flow  fields  are  full  of  low-speed  and  high-sp^ 
streaks.  A  new  aspect  of  our  work  is  that  the  quantitative 
nature  of  the  PIV  data  makes  it  possible  to  observe  compact 
vortices  that  occur  at  the  sides  of  the  streaky  structures.  A 
filtering  technique  applied  to  the  velocity  data  clearly 
reveals  different  aspects  of  the  total  field.  The  streamwise 
scales  of  the  streaks  found  in  this  study  range  from  500  to 
more  than  1000  viscous  units.  The  spanwise  spacing 
spears  to  be  about  100  viscous  units  at  the  waU,  and  it 
increases  with  the  distance  away  from  the  wall,  in  accord 
with  results  of  other  researchers.  However,  the  quantitative 
nature  has  a  significant  impact  on  the  interpretation  of  the 
ftara  Fourier  analysis  in  the  spanwise  direction  reveals  that 


estimation  of  the  streak  spacing  from  visual  examination  is 
misleading.  There  are,  in  fact,  several  larger  wavelength 
modes  that  contain  considerably  more  energy  than  the  A"*"  = 
100  mode.  The  latter  is  more  visible,  but  less  energetic 
than  the  others. 

Experiment: 

The  experiments  are  performed  m  a  15.24  m  long  w 
water  channel  with  a  flat-wall  and  a  rectangular  cross 
section  of  2A  =  48.75  mm  high  (y),  609.6  mm  wide  (z).  "^e 
fully  developed  turbulent  water  flow  has  a  Reynolds  number 
of  Reh  =Ubh/v  =6,800  (ReT=«tA/v  =  395),  where  t/fc  is 
the  bulk  velocity,  Uris  the  friction  velocity  calculated 
using  measurements  of  bulk  velocity  and  Dean’s  coirelatiim 
of  the  friction  coefficient  (Dean  1978),  h  is  the  half  height 
of  the  channel,  and  v  is  the  kinematic  viscosity  of  waM. 
The  temperature  of  the  water  is  controlled  during 
experiments  to  maintain  the  same  viscosity  and  flowr^ 
for  all  realizations.  The  channel  is  filled  with  tap  water  that 
is  cleaned  with  3  pm  filters.  Turbulent  flow  in  this  channel 
has  been  documented  previously  by  LDV  studies 
(Niederschulte,  1989  and  Niederschulte  et  al,  1990).  and 
comparisons  of  the  time  averaged  moments  of  die  u  -  md  v - 
fluctuations  through  fourth  order  at  Reh  =  2,777  and 
18,000  agree  well  with  the  channel  flow  results  of  other 

investigators.  .  . 

Particle  image  velocimetry  is  used  as  a  quanutative 
flow  visualization  technique  to  record  instantaneous 
velocity  fields  in  horizontal  planes  of  the  channel  flow 
(Adrian  1991).  The  test  section  of  the  channel  has  53  cm  x 
15  cm  optical  windows  on  both  sides  and  a  10.5  cm  x  15  cm 
optical  window  on  the  top  wall,  which  aUow  a  double- 
pulsed  laser  light  sheet  to  illuminate  a  horizontal  plane  of 
the  flow  from  the  side  window  and  a  camera  to  record  the 
flow  velocity  field  from  the  top  window.  A  sketch  of  the 
channel  and  the  optical  arrangements  for  PIV  measuremOTts 
are  shown  in  Fig.  1.  Aluminum  oxide  particles  with  a 
nominal  mean  diameter,  dp  =  93  pm,  at  a  concentration  of 
about  15  particles  per  cubic  mm  are  seeded  in  the  flow  md 
illuminated  by  two  2J  ruby  laser  pulses  with  pulse  duration 
of  30  ns.  The  image  size  of  a  particle  given  by  the  present 
optical  system  is  dr=  35  pm.  The  time  separation  between 
the  two  pulses  can  be  adjusted  for  each  of  the  planes  at 
different  distance  away  from  the  wall,  to  provide  an  average 
displacement  of  particle  images  of  about  a  quarter  of  &e 
mterrogation  spot  size  that  satisfies  the  reqmrement  for 
achieving  a  hi^  detection  rate  during  interrogation  usmg 
autocorrelation  (Keane  &  Adrian,  1990).  When  using  the 
single-frame  cross-correlation  interrogation  technique  this 
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requirement  is  relaxed  by  adjusting  the  offset  between  two 
interrogation  windows.  Therefore,  in  the  piresent  work  a 
fixed  time  separation.  At  =  1.2  ms,  is  used  for  all  planes.  A 
16  mm  laser  beam  is  expanded  in  horizontal  direction  by  a 
cylindrical  lens  with  ISO  mm  focal  length,  and  focused  in 
the  vertical  direction  by  a  spherical  lens  with  787.5  mm 
focal  length  to  provide  a  light  sheet  that  is  120  mm  wide 
and  0.8  mm  thick  in  the  test  section.  A  100  mm  by  125  mm 
large  format  camera  with  a  jS  9  Schneider  lens  of  305  mm 
focal  length  is  used  to  photograph  the  particle  images  at  a 
magnification  M  =  0.928  on  Kodak  4415  film.  A  305  mm 
by  254  mm  mirror  is  inserted  in  the  optical  path  so  diat  the 
camera  can  be  positioned  horizontally.  No  image  shifting 
is  needed  in  the  second  exposure  because  of  the 
overwhelmingly  positive  streamwise  velocities.  The  error 
due  to  the  refractive  index  of  water  and  the  window  is 
negligible  since  the  optical  path  is  less  than  37  mm 
compared  with  die  much  longer  path  in  air. 

Lxni  4"  a  5" 


Fig.  1  Optical  arrangement  for  PIV  measurements  in 
streamwise-spanwise  (horizontal)  planes  of  the  chaimel 
flow  (y+=16,  20,  50,  80,  110  and  385)  at /Je;,=6,800. 


Six  horizontal  planes  parallel  to  the  lower  wall  are 
studied.  They  are  located  at  y'''=16,  20,  50,  80,  110  and 
385,  where  y"*"  is  the  distance  away  from  the  wall  in  terms  of 
viscous  unit.  The  planes  are  so  chosen  that  the  first  two  are 
in  the  buffer  layer,  the  next  three  planes  are  in  the 
logarithmic  region,  and  the  last  one  is  close  to  the  center  of 
the  channel.  The  streamwise  ensemble  mean  velocity, 
U(y'^),  is  shown  in  Fig.  2  together  with  data  from  DNS  by 
Kim  (1996).  The  dimensions  of  the  measurement  volume 
are  determined  by  the  laser  light  sheet  thickness  in  the 
wall-normal  direction,  Ayo  =  0.8  mm,  and  by  the 
interrogation  spot  size,  Axq  —  1.8  mm  and  Azo=1.35  mm. 
In  terms  of  viscous  wall  unit  they  are  Axq^  =  21.7  ,Ayo^  = 
12.96  and  Azq"^  =  29.0.  A  velocity  vector  obtained  from 
interrogation  by  correlation  analysis  corresponds  to  a 
volume  average  over  AxQAygAzg  (Adrian  1988).  The 
smallest  scales  of  motion  are  not  resolved  in  the  present 
studies,  and  there  are  some  averaging  effects  in  the  near 
wall  regions.  However,  the  resolution  is  still  enough  to 
resolve  the  streaky  structures  in  this  study.  More 
information  about  flow  parameters  in  die  present  study  are 
given  in  Table  1.  Interrogation  of  PIV  photographs  is 
carried  out  with  a  high  speed  system  (Meinhart  et  al  1993), 
consisting  of  a  SUN  4/370  host  workstation  and  eight  80 
Mflop  Mercury  MC860  array  processors,  utilizing  parallel 
array  processing  technology.  A  Videk  Megaplus  CCD 
camera  with  1,024  x  1,024  pixel  resolution  acquires  images 
from  the  photographs.  The  CCD  array  is  divided  into  eight 
sub-arrays  that  are  passed  to  each  of  the  eight  array 
processors.  An  Imaging  Technology  VSI-150  frame 


grabber  equipped  with  double  input  buffers  (1,024  x  1,024 
X  16  bits),  digitizes  the  images  at  a  frequency  of  20  MHz. 
This  system  can  calculate  over  100  velocity  vectors  per 
second  from  128  x  128  pixel  interrogation  spots. 


y* 


Fig.  2:  The  streamwise  ensemble  mean  velocities.  Solid 
circles  are  data  points  of  PIV  measurements  for  horizontal 
planes  with  six  locations  in  wall-normal  direction.  The 
open  circles  are  data  from  DNS. 


Table  1:  Flow  parameters 


Rek  (Ubh/v) 

6,800 

Rei;  (u^v) 

395 

V  (cm^/s) 

9.269  X  10-3 

T(°C) 

23.5 

Vb  (m/s) 

0.258 

Uf  (mm/s) 

15.036 

v/ux  (mm) 

0.06164 

Vb* 

17.2 

V,* 

19.92 

h* 

395.44 

Axo* 

29.0 

^yo* 

12.96 

Azo* 

21.7 

A  single-frame,  double-exposure  cross-correlation 
technique  is  used  to  interrogate  all  300  PIV  photogrq)hs  for 
six  y-locations.  The  cross-correlation  significantly 
improves  the  signal-to-noise  ratio  over  autocorrelation  by 
increasing  the  positive  displacement  peak  (without 
significandy  changing  the  fluemating  noise),  reducing  the 
self-correlation  peak  and  negative  displacement  peak,  and 
eliminating  in-plane  velocity  gradient  bias  by  removing 
in-plane  image  pair-loss  (Keane  and  Adrian  1992).  The 
sizes  of  the  first  and  second  windows  of  cross-correlation 
are  chosen  to  be  128  pixels  by  64  pixels  in  the  streamwise 
and  spanwise  directions  respectively.  They  are  1.8  mm 
1.35  mm  in  physical  dimension,  29.0'''  by  21.7'''  in  terms 
of  viscous  wall  unit.  The  use  of  asymmetric  cross- 
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Fig.  3.  Fluctuating  velocity  field  at  y+  =  20.  Lines  represent  low-speed  streaks  and  high-speed  streaks,  and  circles 
represent  vortices. 
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Fig.  4.  Fluctuating  velocity  field  at  y+  =  80.  Lines  represent  low-speed  streaks  and  high-speed  streaks,  and 
represent  vortices. 
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correlation  windows  is  based  on  the  consideration  that  the 
velocities  and  the  scales  in  streamwise  direction  are  larger 
than  in  the  spanwise  direction.  The  offset  of  the  windows  is 
set  to  be  16  pixels  at  the  beginning  of  the  inteirogation  to 
match  the  displacement  of  the  image  pairs  and  adaptively 
adjusted  during  the  rest  of  interrogation  to  match  the  local 
displacements  of  image  pairs.  This  adaptive  windowing 
technique  is  important  and  necessary  for  high  quality 
interrogation  in  cases  where  the  dynamic  range  of  velocity 
in  the  whole  field  is  large.  The  interrogation  with  50% 
overlap  of  interrogation  windows  meets  the  Nyquist 
sampling  criterion,  and  gives  about  12,000  to  20,000 
vectors  in  a  photograph  for  the  six  planes.  The  CCD 
camera's  center- to-center  distance  between  pixel  is  dp ix  = 
14  pm/pixel.  This  gives  the  ratio  d-^ldpix=  2.5  pixel 
which  is  greater  than  two  pixels  per  particle  image 
criterion  that  is  required  for  the  finite  resolution  of  the 
CCD  chip  to  have  negligible  effect  on  the  accuracy  of 
measuring  displacement  of  particle  image  (Adrian  1995). 

Table  2:  Parameters  of  interrogation  using  cross¬ 
correlation:  _ 


M 

0.928 

At  (ms) 

1.2 

dp  (pm) 

9.5 

dxfpm) 

40 

dpix  (llm/px) 

0.014 

d-r  /dpix 

2.9 

FFT  window  (px) 

128  X  128 

correlation  window  (px) 

96  (z)  X  128  (x) 

window  offset  (px) 

16 

sampling  overlap  ( % ) 

50 

number  of  vectors 

12000-20000 

Raw  vectors  obtained  from  interrogation  are  validated, 
and  invalid  vector  data  are  removed  with  an  automatic  post- 
interrogation  procedure  that  replaces  invalid  vectors  with 
alternatives  from  other  correlation  peak  measurements 
(Meinhart  1994).  The  program  runs  in  interactive  mode  on 
a  Silicon  Graphics  workstations,  and  it  can  be  executed  in 
batch  mode  as  well.  Two  main  automatic  techniques  are 
applied  to  this  vector  validation  process:  bad  vectors  are 
removed  when  they  fall  outside  a  user  assigned  standard 
deviation  from  the  mean,  or  their  magnitude  differences 
from  the  median  of  their  surrounding  neighbors  are  larger 
than  a  user  specified  value.  The  missing  vectors  due  to 
removal  can  be  replaced  with  alternative  vectors  that  are 
supplied  from  other  correlation  peaks  during  interrogation, 
or  from  interpolation  if  there  are  no  valid  alternative 
vectors  available.  A  Gaussian  low-pass  filter  with  a  width 
of  0.75  grid  size  is  used  to  remove  noise  that  is  still  present 
in  the  vector  field. 

Fluctuating  velocity  fields 

The  ensemble  mean  streamwise  velocity  shown  in  Fig. 
2,  is  calculated  by  averaging  the  instantaneous 

streamwise  velocity  component,  u{_X,y),  at  all  points  in 
the  same  plane,  since  the  flow  is  homogeneous  in 
streamwise  and  spanwise  directions.  Ensemble  averaging  is 
carried  out  over  all  realizations  for  each  plane.  Fluctuating 


velocity  fields,  u(x,y),  are  obtained  using  Reynolds 
decomposition  as  usual: 
uix,y)  =  u(,x,y)-U{y) 

Fig.  3  and  4  depict  the  fluemating  velocity  fields  of 
realizations  at  y"*"  =  20,  50  and  80.  The  streamwise 
direction  of  the  flow  is  in  x"*"  direction. 

The  most  striking  features  in  these  fluemating  fields 
are  die  low-momentum  and  high-momentum  streaks  aligned 
in  the  quasi-streamwise  direction.  The  dashed  lines  on  the 
figures  identify  low  momentum  streaks  and  the  solid  lines 
identify  high  momentum  streaks.  In  the  buffer  layer  at  y"*"  = 
20  ,  Fig.  3,  the  streaks  have  an  apparent  spanwise  spacing 
of  about  100  viscous  unit  and  a  streamwise  scale  of  500  to 
more  than  1000  wall  units.  Most  low-speed  streaks  are 
narrower  than  the  high-speed  streaks.  In  the  logarithmic 
layer  as  the  distance  from  the  wall  increases.  Fig.  4,  the 
streak  spanwise  spacing  becomes  wider;  also  the 
streamwise  scale  becomes  shorter. 

At  =  385  (not  shown)  close  to  the  center  line, 
streaks  can  barely  be  seen  and  may  not  exist.  The  streaks 
are  not  perfectly  streamwise;  they  drift  around  in  the 
spanwise  direction,  possibly  with  a  coherent  angle.  The 
flow  visualization  indicates  that  some  streaks  seem  to 
merge  and  some  seem  to  divide.  The  individual  spacings 
vary  even  within  one  realization  at  the  same  y  -plane. 


Fig.  5.  Average  spanwise  streak  spacings  vs.  distance 
away  from  the  wall 


Counting  the  numbers  of  low-speed  streaks  in  the 
spanwise  direction  and  averaging  the  count  over  all 
realizations  for  each  y"*"  -plane  gives  the  average  number 
per  unit  width.  The  reciprocal  of  fliis  number  is  taken  to  be 
the  mean  spacing  between  low-speed  streaks.  The  results 
are  plotted  in  Fig.  5  together  with  results  from  other 
researchers  collected  by  Kasagi  (1988).  When  determined  in 
this  way  (by  flow  visualization)  the  results  of  the  present 
study  agree  well  with  those  of  previous  researchers. 
Although  one  can  find  individual  spanwise  spacing  of  100 
at  y"^  =  16  and  20  planes  ,  the  averaged  spacing  is 
somewhat  larger  than  this  typical  value.  The  experimental 
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data  in  Fig.  6  from  different  researchers  show  that  the 
averaged  spanwise  spacings  deviate  from  100  and  increase, 
starting  from  around  =  10,  with  increasing  distance  from 
the  wall. 

Another  important  feature  that  can  be  observed  in  the 
fluemating  fields  is  that  vortices  show  up  in  the  region 
between  the  low-speed  streaks  and  the  high-speed  streaks, 
appearing  singly  or  in  pairs.  The  circles  on  Ae  figures 
identify  typical  vortices  of  this  type.  Looking  at  the 
fluemadng  fields  Figs.  3  and  4  carefully,  one  can  see  that 
there  is  a  weak  partial  coherent  association  of  the  streaks 
with  the  vortices.  The  vortices  in  the  planes  at  y"*"  =  16  and 
20  show  some  elongation.  As  the  distance  from^  the  wall 
increases  the  vortices  become  more  circular  and  increase  a 
little  in  size.  This  is  consistent  with  a  picture  in  which  the 
planes  cut  through  an  inclined  vortex  whose  inclination  is 
small  at  low  y  and  increases  with  y,  as  illustrated  in  Fig.  6. 


Fig.  6.  cross-sections  of  a  single  inclined  vortex 
observed  in  x-z  planes  located  at  various  distances  above 
the  wall. 

The  connections  between  the  streaks  and  the  vortices 
suggest  that  they  may  be  two  aspects  of  a  common  vortex 
structure,  either  a  single  vortex  that  is  tilted  at  an  angle  in 
the  streamwise  direction  or  a  hairpin  vortex  whose  legs  »e 
similar  to  those  of  the  single  ones.  In  the  core  of  hairpin¬ 
like  vortices  the  legs  are  quasi-streamwise  vortices  that 
generate  low-speed  fluid  between  them  and  high-speed  fluid 
outside  of  them.  The  horizontal  laser  light  sheet  in  the 
experiments  cuts  the  tilted  legs  of  the  vortices  and  captures 
the  cross-section  of  them  between  the  low-  and  high- 

streaks,  Fig.  6.  .  .  .  rn.  / 

Recently,  a  direct  numerical  simulation  by  Zhou  cT  m 
(1996)  demonstrates  that  sufficiently  strong  hairpin 
vortices  are  capable  of  generating  a  hierarchy  of  secondary 
hairpin  vortices  that  are  aligned  in  the  same  streamwise 
direction,  as  shown  in  Fig.  7.  They  are  associated  with  a 
strong  low  momentum  flow  by  the  interaction  of  the  legs. 

A  horizontally  cut  view  of  this  structure  at  y"*"  =  80  is  given 
in  Fig.  8  which  demonstrates  the  association  of  low-speed 
streak  with  vortices.  The  vortices  appear  on  both  sides  of 
the  low-speed  streak  and  between  the  low-  and  high-^eed 
streaks.  This  is  similar  to  what  has  been  shown  in  Figs.  3 
and  4  in  the  real  flow. 


Fig.  7.  A  hierarchy  of  hairpin  vortices  from  a  DNS  smdy. 
(PHV:  primary  hairpin  vortex;  SHV:  generated  secondary 
hairpin  vortex;  DHV:  generated  donwstream  hairpin  vortex) 
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Fig.  8.  A  horizontal  (streamwise-spanwise)  cross-section 

of  generations  of  the  hairpin  vortices  shown  in  Fig.  7. 


Filtered  fields 

In  order  to  reveal  the  streaks  and  vortices  more  clearly, 
a  filtering  technique  has  been  applied  to  the  fluemating 
velocity  fields.  Since  the  fluemating  fields  exhibit 
apparently  different  scales  in  the  streamwise  direction,  it  is 
possible  to  use  a  properly  chosen  low-pass  filter  to 
decompose  them  into  two  scales. 
u(x,y)  =  M(x,y)  +  «^(x,y) 

The  filtering  operation  is  a  convolution  of  the 
fluemating  field  with  a  sine  filter  function  resulting  in  a 
low-pass  filtered  field  that  contains  the  large  scales.  The 
complimentary  high-pass  field  contains  the  small  scales 
(i.e.  the  subgrid  scale  in  terms  of  large  eddy  simulation  .  A 
one-dimensional  filter  in  the  streamwise  direction  with 
sharp  cut-off  in  spectral  space,  that  has  been  used  in  LES 
smdy  by  many  researchers,  and  it  has  also  been  chosen  for 
the  present  work.  Other  types  of  filters  such  as  a  Gaussian 
filter  or  a  top-hat  filter  could  be  used,  but  for  separating  the 
scales  clearly  the  sharp-cut  filter  in  the  spectral  space 

works  best  The  filtered  field,  u(X,y)  ,  is  expressed  by 


« (jc.  y)  =  J  -  •*' )  •  ’  y)^' 

while  the  subgrid  field,  (^X,y') ,  is  expressed  by 

u^{x,y)  =  uix,y)-uix,y) 

where  g(x-x')  is  a  filter  of  a  sine  function  form  in  physical 


2sinf2«’(x-x’)/Lj 

X  -  x* )  - - - — - . 

n{x-x) 

id  Lc  is  the  filter  size  in  the  x-direction.  The 
msfoim  of  g(x-x’)  is  a  sharp-cut  filter  in  spectral 


Fourier 

space: 
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G(Jk)  =  l,  lkl<K, 

G(Jc)  =  0,  otherwise 

where  k  =2nfk  and  X  are  the  wavenumber  and  the 
wavelength  of  the  scale  in  the  flow,  respectively,  kf;  — 
2JtiLc  is  the  cut-off  wavenumber  of  the  filter. 

Since  the  streaks  are  observed  to  have  the  scales  at 
least  400  -  1000  wall  units  in  the  streamwise  direction,  the 
cut-off  length  scale,  and  therefore  the  filter  size,  Lc,  is 
chosen  to  be  about  406"^.  (This  value  is  also  close  to  some 
of  the  pubHshed  LES  work.)  Fig.  9  and  Fig.  10  give  a 
filtered  field  and  a  subgrid  field  at  y"*"  =  80  with  the  filter 
size  Lc  =406+.  The  filtered  field  resolves  the  scales  in  the 

streamwise  direction  larger  than  406+  and  keeps  all  the 
scales  in  spanwise  direction  because  of  no  filtering 
operated  in  this  direction.  The  filtered  field  in  Fig.  9  shows 
the  low-speed  streaks,  high-speed  streaks  are  roughly 
circular  vortices  whose  diameters  are  of  the  order  of  100  *• 


200  viscous  units.  The  circular  vortices  are  arranged  along 
the  sides  of  the  streaks,  and  pairs  of  counter-rotating 
vortices  often  straddle  a  streak,  suggesting  that  the  streak 
is  associated  with  a  hairpin  vortex.  Examples  of  such  pans 
are  labeled  A  -  E  in  Fig.  9.  Pairs  B,  D,  E  and  F  are  associat^ 
with  low-speed  streaks  and  would  correspond  to  haiipm 
vortices  like  those  in  Fig.  7  which  creates  second  quadrant 
Reynolds  stress  events  («  <  0,  v  >  0  in  the  region  of  the 
hairpin  head).  Pairs  A  and  C  are  associated  with  positive  u- 
momentum  streaks,  and  would  correspond  to  sweep  or 
inrush  events.  Note  that  several  vortices  also  occur  without 
being  part  of  the  a  pair. 

The  streaks  in  Fig.  9  have  varying  lengths,  and 
sometimes  they  clearly  terminate,  as  in  the  region  between 
pairs  B  and  C.  However,  the  end  of  a  streak  may  only 
signify  displacement  of  the  streak  from  the  plane. 

The  small  scale  vortices  in  Fig.  10  all  have  diameters 
(based  on  visual  estimation)  between  30  and  100  viscous 
units.  Their  scales  approximately  one-half  the  scale  of  the 
'circular'  vortices  in  the  low-pass  filtered  field.  The 
locations  of  the  smaU-scale  vortices  have  Uttle  correlation 
with  the  larger-scale  vortices.  Overlaying  Fig.  9  and  10 
reveals  almost  no  instances  in  which  a  small  vortex  and  a 
large  vortex  coincide.  There  may  be  a  tendency  for  the 
email  vortices  to  cluster  around  streaks,  but  the  trend  is 
weak,  and  further  analysis  of  this  conjecture  is  needed. 

Spanwise  modes 

It  has  been  shown  by  visualization  that  he  low-speed 
streak  spacing  at  the  wall  is  A+  -  100,  and  it  increases  wfli 
inrrftggmg  y  .  However,  PIV  data  permits  quantitative 
evaluation  of  the  spanwise  modes  of  the  streaky  structures 
by  Fourier  analysis  method. 

Two-dimensional  power  spectra  for  each  horirantal 
plane  of  the  flow  have  been  computed.  The  expression  of 
the  power  spectrum  is  given  by  the  Fourier  transform  of  two 
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Fig.  11.  Two  dimensional  power  spectra  of  the 
streamwise  velocity  component,  (t>*  uu(k'^X’k'^z)' 
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point  spatial  correlation  Rij: 

-  j(Jc  •  r  +k  •  r  ) 

where  kx  and  are  the  wave  numbers  in  die  streamwise  and 
spanwise  directions,  related  to  the  wavelengths,  Xx  and 
Aj.,  by  kx  =  2Jt/Ax  and  k^  =  Ak/Aj.  Rijirx.y.rz)  is  the  two- 
point  correlation  coefficient  defined  as; 


vortices  observed  on  a  plane  cutting  through  them 
horizontally.  High-pass  fluctuaing  fields  contain  many 
roughly  circular  vortices  whose  diameters  are  of  50  —  100 
viscous  units.  They  appear  to  be  uncorrelated  with  the 
larger  vortices. 

Fourier  analysis  gives  more  quantitative  information 
about  the  streaky  stractures  than  the  visual  examinations  of 
the  streaks.  Two-dimensional  power  spectra,  measured  at 
the  six  streamwise-spanwise  planes,  show  that  the  streaky 
structures  have  many  spanwise  modes.  The  A"*"  =  100  mode 
is  one  of  them,  but  it  is  not  an  energetic  mode.  The  modes 
with  larger  spanwise  scales  dominate  the  turbulent  kinetic 
mode  occurs  with  scales  around 


U;(x,y,2)u^(x  -I-  r^,y,z  +  r,) 


u-^(x,y,z)  ^(x  -I-  r^,y,z  +  r^)  energy.  The  most  energetic 

y  z  z  y  X  z  400  to  600  viscous  units. 


where  subscript  indices  i  and  j  denote  velocity  components 
u  and  w,  rx  and  are  the  separations  of  the  two  points  in 
the  streamwise  and  spanwise  directions.  The  summations 
are  carried  out  through  all  realizations.  When  made 
dimensionless,  k"*" x  —  Xn/X'^x  ^"*”2  —  27t/A‘^2.  The 

dimensionless  power  spectra  become  <l>ij(k'^x  ^^z)- 

Fig.  11  gives  the  two-dimensional  power  spectra 
versus  spanwise  wave  numbers  with  streamwise  wave 
ntimbers  as  parameters  for  three  planes.  The  ordinate  is  the 
power  spectrum  multiplied  by  the  spanwise  wavenumber, 
and  it  represents  the  energy  of  modes  in  a  wavenumber 
bandwidth  wide,  centered  on  k'^z. 

The  spectra  in  Fig.  11  reveal  that  the  streamwise  turbulent 
kinetic  energy  of  mode  with  100  wavelength  (  k"^ ^  =  ^-28  x 
10'2)  is  relatively  weak  in  comparison  to  modes  with  larger 
scales  of  about  AOC*”*  400"^  and  bOO"*".  the  latter  modes 
contribute  much  more  to  the  total  turbulent  kinetic  energy. 
The  most  energetic  mode  is  the  one  with  around  400"^  to 
600'*’  scale.  This  observation  suggests  that  whereas  the  A"*" 
=  100  mode  is  most  readily  observed  mode  by  flow 
visualization,  it  is  also  one  of  the  least  important  in 
respect  to  total  turbulent  energy.  Much  more  attention 
should  be  given  to  the  larger  scale  modes  in  the  future  work. 
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ABSTRACT 

An  estimate  of  the  spanwise  vorticity  in  a 
smooth  wall  turbulent  boundary  layer  is  obtained 
using  two-point  LDV  measurements.  The  results 
show  that  the  estimate  is  in  relatively  good  agree¬ 
ment  with  the  spanwise  vorticity  obtained  from 
DNS  data.  It  is  also  found  that  there  exists  an 
optimal  range  of  separations  for  two-point  LDV 
measurements  when  determining  dv/dy. 

1.  INTRODUCTION 

Vorticity  features  prominently  in  the  study 
of  turbulence,  and  consequently  numerous  tech¬ 
niques  have  been  developed  for  determining  this 
quantity.  It  has  been  measured  (at  least  the  span- 
wise  and  wall-normal  components)  with  relative 
success  by  hot-wire  anemometry  (see  the  review 
of  Wallace  and  Foss,  1995)  in  various  turbulent 
flows.  However,  there  are  situations  where  ther¬ 
mal  anemometry  methods  is  not  adequate  for  such 
measurements.  For  example  the  measurement  of 
the  spanwise  vorticity,  defined  as  =  (dv/dx)  - 
(du/dy)  [lower  case  letters  represent  the  fluctuat¬ 
ing  components;  x,  y  and  z  refer  to  the  stream- 
wise,  wall-normal  and  spanwise  directions  respec¬ 
tively],  requires  dv/dx  to  be  estimated.  Unfortu¬ 
nately,  this  term  cannot  always  be  measured  ade¬ 
quately  by  thermal  anemometry.  Indeed,  the  mea¬ 
surement  of  this  quantity  relies  on  finite-difference 
approximations  of  velocity  gradients.  In  thermal 
anemometry  methods  and  for  small  separations 
between  the  two  hot-wires,  the  measurement  at 
the  downstream  position  may  be  contaminated  by 
the  wake  of  the  upstream  wire.  Usually,  to  over¬ 
come  this  difficulty,  Taylor’s  hypothesis  is  used  for 
estimating  the  streamwise  derivative;  but  in  the 
near-wall  region,  where  the  flow  is  highly  inhomo¬ 


geneous,  this  hypothesis  is  not  valid  (Elavarasan 
et  ah,  1996).  Clearly  other  methods  are  required 
in  situations  where  hot-wires  cannot  be  used. 

Laser  Doppler  velocimetry  (LDV)  techniques 
are,  in  principle,  quite  reliable  alternatives  to 
hot-wire  anemometry  methods.  Indeed,  the  non- 
intrusive  nature  of  LDV  and  the  relatively  small 
measurement  volume  make  these  techniques  a  log¬ 
ical  choice  in  situations  where  traditional  hot-wire 
anemometry  is  not  appropriate.  For  example, 
LDV  provides  a  very  effective  means  for  measur¬ 
ing  the  wall  shear  stress  (Ching  et  ah,  1995).  Yet, 
there  have  been  only  few  attempts  at  measuring 
vorticity  using  LDV  (Lang  1985  ;  Agui  and  An- 
dreopoulos,  1994).  Perhaps,  this  is  due  to  the  fact 
that  the  same  spatial  and  temporal  resolution  re¬ 
quirements  which  apply  to  hot-wire  anemometry 
(Wallace  and  Foss,  1995)  are  also  encountered  in 
LDV.  Also  the  need  for  seeding  the  flow  and  the 
uneven  separation  between  samples  may  lead  to 
further  difficulties.  Often,  specially  built  optical 
components  are  required  for  carrying  out  reliable 
velocity  measurements.  However,  new  data  acqui¬ 
sition  systems  have  improved  the  performance  of 
commercial  LDV  systems.  The  particular  aim  of 
the  present  paper  is  to  demonstrate  the  effective¬ 
ness  of  using  a  commercial  LDV  system  without 
any  specially  built  optical  components  in  estimat¬ 
ing  vorticity.  It  is  a  first  rather  modest  step  to¬ 
wards  a  more  general  goal  of  measuring  all  three 
vorticity  components  in  turbulent  boundary  lay¬ 
ers  over  different  surface  conditions.  The  paper 
reports  LDA  measurements  of  the  spanwise  com¬ 
ponent  of  vorticity. 

2.  EXPERIMENTAL  FACILITIES  AND 
TECHNIQUES 

Measurements  were  performed  in  a  constant 
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Figure  1:  Schematic  of  LDV  setup 


head  recirculating  water  tunnel.  The  test  section 
of  the  vertical  tunnel  is  2  m  long  with  a  250  mm 
square  cross-section.  Water  flows  from  the  head 
tank  through  a  honeycomb  and  a  6:1,  3-D  con¬ 
traction  at  the  tunnel  inlet.  Details  of  the  wa¬ 
ter  tunnel  facility  are  in  Ching  et  al.  (1995).  For 
this  study,  the  freestram  velocity  was  nominally 
19  m/s,  giving  a  momentum  thickness  Reynolds 
number  of  Re$  =  700. 

A  three  component  fibre  optic  LDV  system 
(Dantec,  5W  Ar-ion)  is  used  in  forward  scattering 
mode.  Dantec  Burst  Spectrum  Analysers  (BSA) 
are  used  to  acquire  the  data.  The  two  transmit¬ 
ting  probes  were  set  orthogonally  to  each  other, 
as  shown  in  Figure  1.  The  measurement  volumes 
have  a  diameter  of  d  =  0.046  mm  (d+  =  0.4, 
d/j]  =  0.3  at  J/+  =  15;  the  superscript  denotes 
normalisation  with  wall  units  and  rj  is  the  Kol¬ 
mogorov  length  scale)  and  a  length  of  I  =  0.38 
mm  (/+  =  3.5,  l/rj  -  2.1  at  =  15).  In  the 
present  experiment,  w(,  the  rms  span  wise  vortic- 
ity,  is  approximated  by 


(1) 


This  empirical  expression  was  suggested  by  Ra- 
jagopalan  and  Antonia  (1993)  who  found  that  it 
gave  reasonable  estimates  of  w', ,  with  aw  1.4,  by 
reference  to  the  DNS  data  of  Kim  et  al.  (1987). 


They  also  noted  that  the  value  of  a  may  depend 
on  the  Reynolds  number  and  flow  conditions. 

To  use  Eq.  (1),  two-point  measurements  were 
carried  out.  Such  measurements  have  already 
been  performed  successfully  with  LDV  (e.g.  Mor¬ 
ton  and  Clark,  1971;  Cenedese  et  ah,  1991;  Ro¬ 
mano,  1993).  The  term  du/dx  is  approximated 
by  assuming  Taylor’s  hypothesis. 

3.  RESULTS 


du/dy  Measurements 


Antonia  et  al.  (1993)  reported  that  a  separation 
in  the  range  2  —  4??  is  optimum  when  hot-wires  are 
used  to  estimate  du/dy  with  two-point  mesaure- 
ments.  When  this  separation  is  less  than  2t],  the 
uncertainty  of  measuring  du/dy  increases  mainly 
due  to  contamination  by  electronic  noise.  This 
leads  to  an  overestimation  of  du/dy.  It  is  not 
known  whether  LDV  measurements  would  be  su¬ 
perior  to  hot-wires  for  estimating  du/dy,  where 
Ay  is  small.  Obviously,  it  is  important  to  ascer¬ 
tain  if  an  optimal  range  of  Ay  exists  for  LDV  mea¬ 
surements.  The  appropriate  separation  for  mea¬ 
suring  du/dy  can  be  determined  by  measuring  the 
spatial  correlation  in  the  y-direction,  /^^^(Ay),  as 
detailed  by  Zhu  and  Antonia  (1992).  The  variance 
\du/dy)-  may  be  inferred  from  a  Taylor  series  ex¬ 
pansion  of  Ruu(Ay),  viz. 


/?uu(  Ay) 


(Ay)^ 

2u-  \dy) 


(2) 


at  least  for  y"^  >  10.  Figure  2  shows  the  variation 
of  (1  —  Ruv.)  as  a  function  of  Ay,  on  a  semi-log 
scale.  In  this  plot,  a  slope  of  2  indicates  separa¬ 
tions  which  would  yield  good  estimates  of  du/dy. 
At  both  y+  =  20  and  65,  the  measurements  in 
the  range  3  <  Ay/y  <  7  agree  relatively  well  with 
those  of  Zhu  and  Antonia  (1992),  and  overlap  the 
optimal  separation  range  oi  2  —  At}  for  hot-wires. 
However,  for  values  of  Ay/y  smaller  than  1.5,  the 
LDV  data  clearly  show  an  anomalous  trend:  ide¬ 
ally,  the  data  should  decrease  to  0  as  Ay/rj  de¬ 
creases.  It  is  possible  that  this  anomaly  is  related 
to  noise  as  reported  by  Antonia  et  al.  (1993)  in 
the  context  of  hot  wire  measurements. 

Using  a  separation  of  0.7  mm  for  the  two-point 
measurements  (Ay  =  3.97j  and  2.5y  at  y+  =  15 
and  100  respectively),  du/dy  in  the  wall  region 
of  a  turbulent  boundary  layer  was  determined  by 
a  finite  difference  approximation.  Figure  3  shows 
the  distribution  of  du/dy.  It  is  in  good  agreement 
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Figure  2:  Variation  of  spatial  correlation  with  sep¬ 
aration.  LDV  data  :  □,  y'*'  =  20;  O,  65;  ,  hot 

wire  data  (Zhu  and  Antonia,  1992). 


Figure  3:  RMS  dufdy  in  a  smooth  wall  turbulent 
boundary  layer.  A,  Balint  et  al.  (1991);  0,  Dubief 
(1996)  Rt»  -  1150;  □,  Dubief  (1996)  Rtg  -  940; 
0,  Dubief  (1996)  Rte  -  540;  ■,  present  data. 

with  the  hot-wire  measurements  of  Balint  et  al. 
(1991)  and  Dubief  et  al.  (1996).  Estimates  ofw', 
were  made  using  Eq.  (1),  and  a  =  1.4.  Taylor’s 
hypothesis  was  used  to  estimate  du/dx.  The  va¬ 
lidity  of  this  hypothesis  was  verified  for  y'^  >  15 
by  comparing  the  two-point  longitudinal  spatial 
correlation  Ruu  with  the  temporal  autocorrelation 
of  u.  This  verification  is  reported  in  Elavarasan 
et  al.  (1996). 


y* 


Figure  4:  RMS  spanwise  vorticity  in  a  smooth 
wall  turbulent  boundary  layer,  x ,  Agui  and  An- 

dreopoulos  (1994);  A,  Balint  et  al.  (1991); - , 

Kim  et  al.  (1987);  0,  Rajagopalan  and  Antonia 
(1993);  — ,  Spalart  (1988);  ■,  present  data. 

and  LDV  data  can  be  improved  through  a  more 
appropriate  choice  of  a.  Interestingly,  the  present 
results  support  the  use  of  Eq.  (1)  for  measuring  w' 
when  it  is  either  difficult  or  impossible  to  measure 
the  term  bvjdx.  Further  LDV  measurements  will 
be  carried  out  to  determine  dvjdx  directly. 

4.  CONCLUSIONS 

The  spanwise  vorticity  in  a  smooth  wall  turbu¬ 
lent  boundary  layer  has  been  estimated  using  two- 
point  LDV  measurements,  a  configuration  some¬ 
what  analogous  to  that  involving  two  parallel  hot¬ 
wires.  The  results  indicate  relatively  good  agree¬ 
ment  with  available  experimental  and  DNS  data. 
As  with  hot-wire  measurements,  there  exists  an 
optimal  range  of  separations  for  two-point  LDV 
measurements  which  minimises  the  uncertainty  of 
measuring  dujdy. 
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w'  Measurements 

Figure  4  shows  the  ^'-distribution  in  the  wall 
region  of  a  smooth  wall  turbulent  boundary  layer. 
The  figure  also  includes  DNS,  hot-wire  and  other 
LDV  data.  Clearly,  the  present  LDV  data  provide 
reasonable  estimates  of  w'.  One  cannot  rule  out 
the  possibility  that  the  agreement  between  DNS 
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Abstract 

A  three-component  Laser  Doppler  Anenioine- 
try(LDA)  system  was  used  to  investigate  the  com¬ 
plex  flow  field  generated  by  vortex  generator  jets 
in  a  turbulent  boundary  layer.  The  prominent  fea¬ 
ture  of  the  flow  is  longitudinal  vortices  embedded 
in  the  boundary  layer.  The  study  was  performed 
in  a  3.5m  x  2.6m  low  speed  wind  tunnel.  The 
non-intrusive  measurement  teclmicpie  allows  for  re¬ 
liable  and  accurate  measurement  of  the  velocitr-  and 
turbulent  stress  field.  Data  obtained  include  time- 
averaged  velocity  and  turbulent  str('.ss  distribm  ions 
on  cross  planes  downstream  of  the  jet  exit.  1;  was 
found  that  (i)  the  flow  field  of  the  longitudinal  vortex 
generated  by  a  rectangular  jet  is  significantly  differ¬ 
ent  from  that  generated  by  a  round  jet  in  the  mag¬ 
nitude  of  the  cross  velocity,  but  quite  similar  to  that 
generated  by  a  solid  vortex  generator;  (ii)  a  strong 
injection  flow  from  the  surface  between  two  contra¬ 
rotating  longitudinal  vortices  generated  by  a  row  of 
contra-rotating  jets  can  be  obser^v;cl.  which  is  dhter- 
ent  from  the  single  jet  flow. 
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1  Introduction 

Longitudinal  vortices  have  been  widely  used  in  flow 
and  heat  transfer  control  (Bushnel,  1992).  A  tradi¬ 
tional  method  of  vortex  production  solid  vortex 
generators,  was  first  proposed  by  Taylor(1948)  then 
developed  by  many  researchers  (Pauley  &  Eaton 
1994,  Wendt  &  Hingst  1994,  and  Zhu  et  al.  1995, 
among  others).  It  is  effective  in  generating  a  longi¬ 
tudinal  vortex,  but  produces  pressure  loss,  parasitic 
drag  and  hot  spots  at  the  same  time.  Furthermore, 
it  does  not  provide  possibilities  for  active  control. 

In  the  present  study,  we  investigate  a  rela¬ 
tively  new  method  of  vortex  production  inclined 
air  jets  (see  Wallis  1952,  Johnston  &  Nishi  1990, 
Compton  k  Johnston  1991,  Pearcey  et  al.  1990, 
Zhang  1995,  Zhang  et  al.  1996a,b).  The  inclined 
air  jets  generate  longitudinal  vortices  which  can  be 
used  for  the  same  flow  control  purpose.  The  jets  will 
not  produce  residual  parasitic  drag  and  hot  spots. 
However,  the  applications  of  this  method  are  rare 
due  to  (i)  a  lack  of  reliable  data;  (ii)  a  perception 
that  the  vortices  are  weak;  and  (iii)  high  costs  due 
to  high  speed  jet  requirements. 

In  the  past,  the  vortex  flow  produced  by  a 
single  round  jet  was  measured  by  Compton  and 
Johnston  (1991)  using  a  five  hole  pressure  probe. 
Strong  interactions  between  the  longitudinal  vortex 
and  boundary  layer,  and  between  the  jet  and  on¬ 
coming  flow  were  observed.  The  study  was  valuable 
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in  that  it  provided  a  data  base  for  theoretical  and 
numerical  model  validation.  However,  the  five-hole 
probe  is  intrusive  and  will  not  provide  accurate  mea¬ 
surement  of  the  flow  near  the  surface  where  strong 
cross  flow  interaction  exists  (Zhang  199-5).  This  is 
one  of  the  major  motivations  of  the  current  study. 

In  this  study,  we  attempt  to  address  the  jjrob- 
lem  of  data  quality  associated  with  some  of  the  ear¬ 
lier  wind  tunnel  studies.  In  doing  .so,  we  hope  that  we 
can  eventually  provide  reliable  and  accurate  wdiole 
field  data  to  assist  in  the  current  development  of  the¬ 
oretical  and  numerical  modelling  methods.  We  use 
two  examples  to  illustrate  our  points: 

•  a  rectangular  jet,  and  comparison  with  a  tradi¬ 
tional  round  jet  (Compton  &  .Johnston  1991), 
and 

•  an  array  of  contra-rotating  inclined  jets. 

2  Experimental  Methods 

2.1  Flow  conditions  and  wind  tunnel 
facility 

Experiments  were  performed  in  a  low  speed  closed 
circuit  wind  tunnel  with  a  3.5ni.  x  2. Cm,  test  section. 
A  2.43m  long  and  10mm  thick  aluminum  flat  plate 
was  installed  across  the  span  of  the  test  section,  and 
supported  at  a  height  of  0.9m  above  rh<'  tunnel  floor 
in  order  to  create  a  well  beha\-('d  boundary  layer 
developed  from  the  elliptic  leading  I'dge  of  tin;  fiat 
plate.  The  freestream  velocit\'  ai  the  leading  edge 
of  the  flat  plate  was  20m/.s.  and  ;  lu'  IrtK.'stveam  tur¬ 
bulent  intensity  approximate!}-  O.-l*/.  The  velocity 
increase  due  to  the  blockage  was  al)out  2.5%  at  the 
trailing  edge  of  the  plate.  The  hounda,i-y  layer  of 
interest  developed  on  the  upper  surface  of  the  plate 
with  transition  fixed  by  a  lOm-;;),  wide  sand  strip  (the 
size  of  the  sand  is  0.060mm)  located  lOOnrm  down¬ 
stream  of  the  leading  edge. 

For  the  single  jet  vortex  gcmcrator.  a  recran- 
gular  jet  with  a  6.4  x  27.3m,;//-  ('xit  area  (the  a.s- 
pect  ratio  is  4.3,  and  the  exit  area,  is  ('(inivalent  to 
a  round  jet  of  D  =  15mm  diamerei  )  passed  tlu-caigh 
the  plate  at  pitch  and  skew  angle;  of  45°  into  the  in¬ 
compressible  turbulent  boundary  layer  o\-er  it.  For 
the  multiple  jets  vortex  generator,  a  row  of  round 
jets  (d  =  75mm  apart,  totally  6  jets)  with  diameter 
D  =  15mm,  pitch  angle  a  =  45°  and  sk(.;w  angle  /3 
equal  to  either  45°  or  -45°  were  issuing  from  the  flat 
plate,  producing  a  row  of  longitudinal  vortices  trail¬ 
ing  over  the  surface.  The  ratio  of  the;  jed,  velocity 


Vj  over  the  oncoming  freestream  velocity  Uoo  was  2 
for  the  single  jet  while  Vj /Uoo  —  1  for  the  multiple 
jets.  Figure  1  gives  a  schematic  view  of  the  flow  field 
around  two  contra-rotating  vortices  produced  by  the 
multiple  jets. 


Figure  1:  Schematic  of  the  multiple  jet  flow  field. 


The  position  of  the  jet  injection  was  located 
at  1.2m  downstream  of  the  leading  edge  of  the  plate, 
and  the  boundary  layer  thickness  was  about  35mm 
thick  at  this  position.  The  Reynolds  number  based 
on  the  momentum  thickness  of  the  boundary  layer 
was  approximately  4,670  at  this  point. 

2.2  Laser  Doppler  Anemometry  Mea¬ 
surement 

The  mean  velocity  and  turbulent  intensity  distribu¬ 
tions  were  measured  using  a  three-component  DAN- 
TEC  LDA  system.  It  consists  of  an  Ar-ion  Laser,  a 
60  X  33  safety  cover,  a  60  x  40  transmitter,  six  60  x  24 
Fibre  manipulators,  two  60  x  10/60  x  11  transducers, 
two  55  X  12  beam  expanders  and  two  55  x  59  lenses, 
see  Figure  2. 

A  seeding  rake  was  positioned  vertically  in 
front  of  the  plate  upstream  of  the  measurement 
point,  releasing  oil  vapour  produced  by  two  DAN- 
TEC  55L18  seeding  generators.  The  height  of  the 
seeding  rake  was  about  150mm,  which  covered  the 
vertical  area  of  interest  which  was  about  60mm  high 
above  the  plate  surface.  However,  in  the  spanwise  di¬ 
rection,  the  width  of  the  seeding  rake  was  only  about 
20mm,  so  it  was  designed  to  allow  horizontal  move¬ 
ment  over  a  range  of  80mm  in  the  spanwise  direction 
in  order  to  keep  a  high  seeding  density  through  the 
measurement  volume. 

The  Doppler  signals  were  analyzed  by  three 
DANTEC  57  x  11  Burst  Spectrum  Analyzers  con¬ 
trolled  by  a  Dell  system  400  microcomputer.  As  the 
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three  independent  velocity  components  are  accpiired 
separately  through  the  three  laser  beams,  their  cross 
products  are  meaningful  only  wlicni  the  compoinmts 
are  measured  at  the  same  time.  In  other  ^Y()rds,  only 
the  velocity  signals  which  arrived  at  rhe  Burst  Si)ec- 
trum  Analyzers  at  the  same  time  can  i)(^  used  in  data 
processing.  Usually,  thousands  oF  \-('!locity  signals 
are  necessary  at  each  measurement  point,  this  can 
be  time  consuming.  In  the  present  study,  in  order 
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Figure  2:  Schematic  of  the  Laser  Dopi)lc;r  .Anemome¬ 
ter  set-up. 


to  reduce  the  measurement  tinur  tnic'  iiide]xnident 
velocity  component  was  arrang(!d  in  aiignmenr  with 
the  x-axis.  The  normal  Reynolds  si  rcss  in  this  direc¬ 
tion  can  then  be  deduced  direct!}-  from  tlu;  measured 
data,  irrespective  of  the  arrival  time  of  tlie  other  ve¬ 
locity  component  signals.  Therefore,  only  the  normal 
Reynolds  stress  ml  will  be  presented  in  this  paper. 

2.3  Measurement  accuracy 

The  uncertainty  in  the  measurements  of  the  LDA 
system  was  estimated  at  1%  for  the  mean  velocity, 
and  3%  for  the  streamwise  turbulent  normal  stress. 
The  minimum  step  of  the  traversi-  meciiaiiism  cai  ry- 
ing  the  laser  beams  was  l±0.01mm. 

The  most  difficult  part  of  the  acKpiisition  pro¬ 
cess  was  the  measurement  of  jet  r-elocity  due  to  the 
strong  distortion  of  the  velocit}-  around  the  jet  exit. 
In  this  study,  the  velocity  at  nine  points  across  the 
jet  exit  (i.e.  one  point  at  the  centre  and  (hght  points 
along  the  perimeter  of  the  jet  exit)  were  measured 
using  a  Pitot  tube  velocimeter.  its  uncertaint}-  was 
estimated  to  be  3%.  The  avei'agc  value  was  calcu¬ 
lated  as  the  jet  velocity.  The  maximuin  deviation  of 
the  velocity  at  the  jet  exit  from  the  iiomiiiated  jet 
mean  velocity  was  about  10%.  Ihe  pio.  ;!  n-uo  siiew 


angles  of  the  jet  were  fixed  with  an  accuracy  of  about 
0.5°. 

For  each  cross  plane  of  data,  the  measurement 
points  ranged  between  252  and  288  for  the  single 
jet  flow,  and  between  294  and  391  for  the  multiple 
contra-rotating  jets  flow.  The  measurement  points 
were  uniformly  distributed  along  the  spanwise  direc¬ 
tion  (4mm  between  the  two  measurement  points), 
while  stretched  along  the  vertical  direction  where 
the  first  measurement  point  was  2mm  away  from  the 
plate  surface  and  the  maximum  step  was  4mm.  Typ¬ 
ically,  the  measurement  area  in  the  cross  section  was 
60  X  130mm  at  x  =  lOD. 


3  Results  and  Discussions 

3.1  Single  rectangular  jet 

The  measured  cross  velocity  field  verifies  the  exis¬ 
tence  of  a  longitudinal  vortex  generated  by  the  jet. 
Figure  3  shows  the  LDA  measurement  results  of  the 


Figure  3;  Cross  velocity  vector  for  the  single  rect¬ 
angular  jet  at  X  =  20D.  ex  —  —  45°  and 

VjlV^  =  2. 

cross  velocity  at  x  =  20D  downstream  of  the  jet  exit 
for  the  single  rectangular  jet,  where  the  swirling  mo¬ 
tion  as  well  as  the  swirling  centre  can  be  easily  iden¬ 
tified.  The  highest  cross  velocity  is  approximately 
3.5m/s,  or  about  17%  of  the  oncoming  flow  velocity 
Uoo-  It  is  more  than  two  times  larger  than  that  found 
in  Compton  &  Johnston(1991)’s  measurements  of 
a  round  jet  vortex  generator,  where  the  maximum 
cross  velocity  was  only  7%  of  Uoo-  The  present  value 
is  close  to  that  measured  by  Eibeck  &  Eaton(1985) 
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for  a  vane  vortex  generator  flow.  The  longitudinal 
vortex  thus  generated  by  the  rectangular  jet  c:annot 
be  designated  as  a  “weak”  vortex  (Compton  &  .lolin- 
ston,  1991). 


The  manipulation  of  the  boiiiuhuy  layer  by 
the  longitudinal  vortex  can  be-  belter  midersiood 
from  the  streamwise  velocity  coiiiimrs.  e..'  .showii  in 
Figure  4  at  three  downstream  local  iun.-!  i'or  the  sin¬ 
gle  jet  case.  At  tc  =  5D,  althongli  strong  inter¬ 
action  between  the  oncoming  How  and  the  air  jet 
can  be  observed,  the  affected  area  is  relatit^ely  .small. 
The  longitudinal  vortex  evolves  contiimously  down¬ 
stream.  At  X  =  lOD,  the  downwash  flow  to  the  left 
and  upwash  flow  to  the  right  becoiiH'  a.-piittre.nt.  The 
t.biuning  and  thickening  of  the  bonudarv  iax  tns  in  the 
downwash  and  upwash  regions.  K'spi'ci  ivcl'.-.  cau  be 
clearly  seen  from  Figure  4(6).  At  •—  2v:D.  the  longi¬ 
tudinal  vortex  has  become  well  de\(>ion('(!.  with  a  i(W 


velocity  core  in  the  centre  of  the  vori  ■ex.  uns  eosi- 

tion ,  the  thickness  of  the  undis t  ur  i  > ec  i  i  > o  i  m  d ;n  y  i ;  ly er 
is  about  39mm.  In  contrast  to  tlu'  slightly  thickened 
boundary  layer  in  the  upwash  region  {4otii.'in).  the 
boundary  layer  in  the  downwash  region  is  thinned  to 
about  half  of  the  depth  of  the  undisturbed  case.  A 
high  velocity  region  exists  between  the  ^'-ortex  centre 
and  the  wall  due  to  the  dowmvtish  How  which  lu  uigs 
the  high  momentum  fluid  towards  the  wall  from  i.he 
outside  of  the  boundary  layer. 


Substantial  differences  can  iie  found  a.gam 
when  the  present  results  are  coiuisircc  witli  the 
round  jet  vortex  generator  sitidi-  oi  C  iMiipua;  k 
Johnston(1991).  Their  measuremems  suggestetl  i  hat 
there  was  no  low  axial  velocity  core  in  viie  vortex. 


The  present  results  of  Figure  4(c)  are  much  mont  sim¬ 
ilar  to  the  results  obtained  by  Eibe.ck  &  E;itou(  jy8.5) 


for  a  solid  vortex  generator,  except  tlitn  the  posi¬ 


tion  of  the  vortex  is  lower  relative  to  tlu'  boiuuhiry 
layer.  The  reason  for  the  siiniltuiry  with  tlii'  solid 
vortex  generator  results  is  probtibix-  i iiai  tin'  rt'ctan- 
gular  jet  behaves  much  like  a  vortex  siieei  wha  h  is 
rather  similar  to  the  vane  in  simpe.  .Another  possi¬ 
ble  cause  is  that  the  manipuhuiou  iiotmoary 

layer  by  the  vortex  is  deterrniiicd  not  ouiy  in  t  he 
position  of  the  vortex  in  the  bouiKitiry  kiyer  inn  also 
by  the  Reynolds  number  based  on  t.he  cluiractcnstic 
length  of  the  vortex  generator.  In  tht-  present  c;ise, 
the  Reynolds  number  based  on  the  noinimited  ditiin- 
eter  of  the  air  jet  (D  =  15m7n)  is  tiboiit  20, GOO.  In 
Eibeck  k  Eaton(1985)’s  measurcineiiis  the  R.eyiiolds 


number  based  on  the  height  of  the  vtuie  vas  .t.jipiox- 
imately  22,000,  which  is  much  cioscr  to  tiie  picsent 
result  than  Compton  &  Johnsroiu  ii.ki  i  ','s  results  lor 
the  round  jet  vortex  generator,  wiiere  tlu'  Rttx  tiulds 


number  based  the  diameter  of  the  jet  was  only  about 
6,500. 

The  normal  Reynolds  stress  (ml)  distribu¬ 
tions  in  the  x-direction  at  three  cross  sections  (x  = 
5D,10D,20D)  are  given  in  Figure  5.  At  x  =  5D, 
a  very  high  level  of  uu  distribution  can  be  found  in 
the  vortex  core  area.  The  interaction  between  the 
air  jet  and  the  oncoming  flow  is  the  main  reason  for 
the  high  turbulence  level  in  this  area.  As  the  vor¬ 
tex  develops,  the  maximum  uu  value  gradually  de¬ 
creases,  while  the  area  with  high  mZ  level  enlarges. 
At  X  =  20D,  fluid  with  low  mt  stress  at  the  outer 
region  of  the  boundary  layer  is  drawn  into  the  near 
wall  region  by  the  swirling  motion  of  the  vortex.  The 
overall  pattern  of  the  uu  contour  is  consistent  with 
the  streamwise  velocity  distribution  (compare  Fig¬ 
ure  4c  and  Figure  5c). 

3.2  Multiple  contra-rotating  round 
jets 

Figure  6  shows  the  cross  velocity  vector  of  the  mul¬ 
tiple  jets  at  X  =  20D,  where  a  strong  injection  flow 
from  the  plate  surface  between  two  contra-rotating 
longitudinal  vortices  can  be  observed,  which  is  dif¬ 
ferent  from  the  single  jet  flow.  This  injection  flow 
will  strongly  affect  the  distributions  of  the  stream- 
wise  velocity  and  turbulence  normal  Reynolds  stress 
uu.  The  maximum  cross  velocity  magnitude  is  about 
2.2m/ s  at  the  centre  line,  or  11%  of  the  oncoming 
ficDw  velocity. 


Figure  6:  Cross  velocity  vector  for  the  multiple  jets 
at  X  =  20D.  a  =  45°,  13  =  ±45°  and  Vj/V^o  1- 

The  manipulation  of  the  boundary  layer  due 
to  the  longitudinal  vortices  can  be  shown  again  by 
the  streamwise  velocity  contours  in  Figure  7.  At 
X  =  lOT),  two  low  level  streamwise  velocity  cores 
near  the  vortex  centres  can  be  found  (Figure  7a), 
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and  between  the  two  cores  the  bonii(i;u‘\-  i;iy('r  is  sig¬ 
nificantly  thickened.  With  the  dc'XT'lopiiM'iii  of  the 
vortices  the  two  vortex  cores  appronci:  to  iiicrgc  with 
each  other.  Eventually  only  one  low  !('V('l  sn  tvui'wise 
velocity  core  can  be  observed  after  iiic  siroiig  irtiT- 
action  between  the  vortices  (Figure  7ii  aoici  c). 


(a) 


ib) 


(c)- 

Figure  7:  Streamwise  velocity  eoiiionrs  [in.jxj  for 
the  multiple  jets  at  (a)  x  =  10.D;  [Ifj  .r  2{].D  and 
(c)  X  =  SOD. 

The  normed  Reynolds  stress  ml.  distributions 
in  the  x-direction  for  the  multiple  jt'ts  How  at  three 
cross  sections  (x  =  10D,20J9  and  .Ul/di  an'  siiown 
in  Figure  8.  At  x  =  lOD  when  the  two  vorriees  are 
still  apart  from  each  other,  two  separaie  iugii  n;ri)u- 
lence  level  zones  can  be  found,  corresponding  io  tiie 
vortex  cores  of  low  level  streaniwi^!’  w'lo.  ;;  w  \\'ls(;n 
the  two  vortices  merge  with  each  o;  ;;e:  a-  .a  =  'I'-MD, 


the  two  high  turbulence  level  zones  amalgamate  too, 
and  form  a  single  high  turbulence  level  core  which 
is  slightly  pushed  away  from  the  plate  surface  (Fig¬ 
ure  86).  With  the  development  of  the  vortices  fur- 


(a) 


(c) 

Figure  8:  Contours  of  streamwise  turbulence  normal 
stress  (m^/s^)  for  the  multiple  jets  at  (a)  x  =  10F>; 
(6)  X  —  20D  and  (c)  x  =  SOD. 


ther  downstream,  the  high  turbulence  level  zone  is 
isolated  from  the  plate  surface  by  a  zone  of  low  tur¬ 
bulence  level.  Therefore,  for  the  multiple  contra¬ 
rotating  jets,  one  can  expect  a  significant  increase  in 
the  turbulence  mixing  between  the  contra-rotating 
longitudinal  vortices  as  well  as  between  the  outer 
boundary  layer  and  the  near  wall  region. 
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4  Concluding  Remarivs 

An  attempt  has  been  made  to  study  fclui  complex 
flow  field  generated  by  inclined  jets  iu  a  turbulent 
boundary  layer  using  a  three-dimeiisioual  LDA  sys¬ 
tem  in  a  low  speed  wind  tunnel.  The  data,  obtained 
in  the  study  contribute  to  the  undcustaiuling  ol  the 
flow  physics  and  will  be  useful  in  tlu-  th(!r<u'nc,;il  and 
numerical  modelling  efforts. 

For  the  single  rectangular  j('i .  a.ii  iiupori  aiit 
realization  we  have  reached  after  .si;ul>'iiig  iih  i.he 
test  data  so  far  is  that  the  flow  !ic;!;  u;  du’  ic/ugi- 
tudinal  vortex  generated  by  a  reciaugiiia:  i'ci  is  sig¬ 
nificantly  different  from  that  geiieraicd  in-  a,  round 
jet  in  terms  of  the  cross  velocity,  but  (luiiu  suuilar 
to  that  generated  by  a  solid  vortex  generator.  The 
manipulation  of  the  streamwise  velociti-  ;uul  normal 
Reynolds  stress  distributions  in  tiie  boundary  layer 
can  be  found  due  to  the  strong  u])wash  a.ud  down- 
wash  flow  at  both  sides  of  the  loiigii  udii!.:ii  von  ex. 

For  the  multiple  contra-rot; i ting  rouad  jets,  it 
is  found  that  the  manipulation  of  liie  sn  eamwise  ^•e- 
locity  distribution  is  not  as  strong  a.'  t:i;u  ha  the 
single  rectangular  jet,  but  the  turinmuce  uiixiiig  im- 
tween  the  contra-rotating  longii.ndia;u  vonice>  as 
well  as  between  the  outer  boundary  !a\-e!  and  t,he 
near  wall  region  is  greatly  increased. 

This  study  complements  the  existing  numeri¬ 
cal  modelling  exercise.  Further  experiments  are  be¬ 
ing  performed  to  study  the  effects  of  vimous  jei  pa¬ 
rameters. 
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Abstract 

A  laser  light  scattering  technique  is  described  which  al¬ 
lows  the  measurement  of  velocity  gradients  and  their 
temporal  correlation  functions  in  fluid  flow.  This  non- 
invasive  and  gauge-free  technique  was  applied  to  a  tur¬ 
bulent  channel  flow.  Results  of  the  measurements,  in¬ 
cluding  the  turbulent  energy  dissipation  and  the  enstro- 
phy  are  presented. 

1  Introduction 

It  is  a  well  known  fact  that  the  light  scattered  by  mo¬ 
ving  particles  carries  information  on  the  velocity  of  the¬ 
se  particles.  The  wide  spread  Laser  Doppler  Anemome- 
try  is  a  technique  which  in  an  ingenious  way  exploits 
this  fact  for  the  determination  of  flow  velocities.  But 
there  is  even  more  information  contained  in  the  scatte¬ 
red  light.  Thus  we  could  show  [l]  in  what  way  a  velo¬ 
city  gradient  of  the  flow  influences  the  light  scattered 
by  immersed  particles:  The  random  intensity  pattern 
(speckle  pattern)  produced  by  the  randomly  distributed 
particles  within  the  fluid  exhibits  a  motion  if  certain 
components  of  the  velocity  gradient  tensor  are  different 
from  zero.  A  theoretical  treatment  of  this  effect  shows 
that  each  velocity  component  of  the  speckle  motion  is 
uniquely  determined  by  a  particular  linear  combinati¬ 
on  of  the  components  of  the  velocity  gradient  tensor, 
the  coefficients  being  dependent  only  on  geometrical  pa¬ 
rameters  describing  the  opticcd  set-up.  It  is  therefore 
possible  to  determine  velocity  gradient  components  of 
a  flow  by  measuring  components  of  the  velocity  of  the 
random  speckle  pattern. 

It  is  worth  noting  that  the  mentioned  effect  only  oc¬ 
curs  if  many  light  scattering  particles  are  in  the  region 
where  the  scattered  light  emerges,  because  the  light  pat¬ 
tern  produced  by  only  one  scattering  particle  exhibits 
no  motion.  It  is  therefore  not  possible  to  understand 


the  method  described  in  this  paper  on  the  basis  of  the 
LDA  measurement  scheme. 

A  method  to  measure  velocity  gradients,  which  is 
based  on  essentially  the  same  physical  effect  as  the  one 
just  mentioned,  was  proposed  by  de  Gennes  [2],  but  it 
was  not  developed  to  a  level,  such  that  measurements 
comparable  to  the  ones  presented  here  can  be  perfor¬ 
med. 

It  is  obvious  that  a  measurement  scheme  which  is 
non-invasive  and  gauge-free  has  advantages  over  the  hot 
wire  technique,  which  was  used  by  Balint  et  al.  [3]  to 
perform  for  the  first  time  a  systematic  investigation  of 
velocity  gradient  properties  in  a  flow. 

2  Theory 

The  velocity  field  within  a  flowing  fluid  is  a 

smooth  function  in  space  and  time.  One  can  there¬ 
fore  perform  a  Taylor  series  expansion  with  respect  to 
the  spatial  variables.  If  only  a  small  volume  within  the 
fluid  is  considered,  one  can  neglect  all  higher  powers  in 
the  spatial  variables  than  the  first  ones  and  gets 

u  (f,f)  =  ■Uo(0  +  f 

t{t)  is  the  3x3  velocity  gradient  tensor.  is  the 

mean  value  of  the  velocity  within  the  considered  volu¬ 
me  if  the  origin  of  the  coordinate  system  is  taken  to 
lie  in  the  centre  of  mass  of  the  considered  volume.  In 
turbulent  flow  both  quantities  are  random  functions  of 
time. 

Let  us  now  consider  a  light  scattering  experiment 
as  depicted  schematically  in  figure  1.  A  laser  beam  is 
focussed  into  a  small  region  within  a  flow  seeded  with 
small  light  scattering  particles.  Light  emerging  from 
the  so  called  scattering  volume  passes  a  lens  and  can 
then  be  observed  on  a  screen.  We  will  assume  that  the 
scattering  volume,  i.e.  the  region  from  which  scattered 
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Figure  1:  Schematic  representation  of  a  light  scatte¬ 
ring  experiment.  Light  scattering  particles  which  are 
hit  by  the  laser  light  emit  secondary  waves.  The  das¬ 
hed  lines  denote  the  light  paths  to  a  point  on  the  focal 
plane.  Their  optical  lengths  determine  the  phases  of  the 
scattered  light  components  at  this  point.  The  diame¬ 
ters  of  the  Iciser  beam  and  the  diaphragm,  respectively, 
determine  the  scattering  volume. 

light  does  reach  the  screen,  is  small  enough  such  that 
the  velocity  field  within  this  volume  can  be  expressed 
by  equation  (1) 

Within  the  scattering  volume  the  illuminating  light 
wave  is  assumed  to  be  plane  and  can  therefore  be  cha¬ 
racterised  by  its  wave  vector  k^.  The  direction  of  this 
vector  is  given  by  the  propagation  direction  of  the  light 
wave,  and  its  length  depends  on  the  wavelength  of  the 
light  wave  through  the  relation  |^|  =  2'7r/A. 

The  screen  is  placed  in  the  focal  plane  of  the  lens. 
This  assures  that  aU  light  wave  components  emerging 
in  the  scattering  volume,  which  travel  in  the  same  di¬ 
rection  (i.e.  have  the  same  wave  vector  ka)  are  focussed 
on  one  particular  point  Pa  on  the  screen.  The  relative 
phases  of  the  just  mentioned  components  determine  the 
brightness  at  this  point.  If  now  the  particles  within  the 
scattering  volume  move  with  different  velocities,  then 
the  relative  phases  change  and  conesquently  also  the 
brightness  at  the  point  Pq. 

In  the  case  of  a  velocity  field  of  the  form  given  in 
equation  (1)  the  phase  changes  are  such  that  a  motion 
of  the  pattern  results.  This  is  due  to  the  fact  that  the 


relative  phases  of  the  secondary  waves  at  an  arbitrary 
point  Pa  at  time  t  are  identical  to  those  of  a  point  P'  ^-t 
a  later  time  t'.  An  especially  simple  form  of  the  velocity 
of  the  pattern  is  obtained  [l]  if  it  is  expressed  with  the 

help  of  the  temporal  change  kax  of  wave  vector  ka 
which  ’’points”  towards  the  arbitrary  point  Pa'- 

kaX  =  (tika-ka))^  (2) 

The  index  J.  denotes  that  a  pattern  motion  is  described 
by  a  rotation  of  the  wave  vector,  no  change  in  the  length 
of  the  wave  vector  of  light  can  occur  in  a  simple  light 
scattering  experiment. 

With  the  help  of  geometriccd  optics  one  can  relate  the 
pattern  velocity  u  on  the  screen  to  kax  and  obtains 


vx 


(t-{ke  - 
\ke  ~  ka\ 


(3) 


where  /  is  the  focal  length  of  the  lens. 

Unforunately  one  observes  not  only  a  motion  of  the 
speckle  pattern  but  superimposed  random  fluctuations 
known  as  speckle  boiling.  This  is  caused  by  the  stocha¬ 
stic  flux  of  scattering  particles  through  the  scattering 
volume,  and  by  the  parallel  component  of  the  vectors 
appearing  on  both  sides  of  equation  (2).  This  speck¬ 
le  boiling  generally  leads  to  very  fast  decorrelations  of 
the  pattern,  which  renders  the  measurement  of  the  ve¬ 
locity  a  rather  difficult  task.  Nevertheless  we  were  able 
to  develop  several  measurement  schemes  [4]  for  a  relia- 
bel  determination  of  this  velocity.  One  of  this  methods 
is  bcised  on  differential  properties  of  the  pattern,  this 
win  be  the  topic  of  this  paper.  We  could  show  [5]  that 
the  following  relation  holds  between  the  pattern  velo¬ 
city  component  Vx  say  and  derivatives  of  the  pattern 
intensity  I{r,t)  on  the  screen: 

<  i{f,t) -sign  {Ix{f,t))  > 

<  Ja,(r,t)-sign(4(r,0)  > 

Ix  denotes  in  this  equation  the  spatial  derivative  of  the 
intensity  with  respect  to  x,  I  is  the  temporal  derivative, 
and  sign  is  the  sign-function  with  the  properties: 

(  1  for  X  >  0 

sign(x)  =  <  0  for  X  =  0  (5) 

1  —1  for  X  <  0 


The  brackets  in  equation  (4)  denote  averaging,  which 
for  our  measurement  scheme  will  be  temporal  avera¬ 
ging- 

Based  on  this  equation  it  is  possible  to  determine 
average  values  of  the  velocity  gradient  components  as 
we  have  shown  in  [4]. 


17.4.2. 


An  important  extension  of  the  briefly  scotched  me¬ 
thod  is  obtained,  if  the  light  scattered  in  two  different 
directions  is  used  to  measure  correlations  of  velocity 
gradient  components.  Let  us  denote  the  light  intensi¬ 
ties  on  the  two  screens  by  l^{ri,t)  and  P(f2,i),  whe¬ 
re  the  vectors  Pi  indicate  points  in  these  screen  planes. 
One  then  has  the  following  relation: 

<  vl{t)Vj{t  +  t)  >=  (6) 

<  P  [Pi,  t) -sign  {Il{ri,t))  ^ 

<  Ii(n,t)-sign(7i(fi,i))  > 
P{p2,t)-sign  {I^(p2,t))  > 

<  P{P2,  t) -sign  {I~{P2,  t))  > 

The  ’’speckle-velocity  crosscorrelation  function” 

<  vl{t)vj{t  +  t)  >  is  according  to  the  theory  scet- 
ched  above  directly  proportional  to  a  temporal  corre¬ 
lation  function  of  two  different  linear  combinations  of 
components  of  the  velocity  gradient  tensor.  If  a  suffi¬ 
cient  number  of  these  correlation  functions  for  different 
scattering  geometries  is  measured  one  can  calculate  any 
desired  auto-  or  crosscorrelation  function  of  gradient 
tensor  elements. 

In  a  general  flow  there  are  9  auto-  and  36  independent 
crosscorrelation  functions.  These  numbers  decrease  if 
the  flow  under  consideration  has  symmetry  properties. 
For  an  incompressible  fluid  the  numbers  reduce  to  8  and 
28,  respectively.  This  is  due  to  the  relation 

Lrx  +  -|-  Tzz  =  0  (7) 

A  channel  flow  which  can  approximately  be  viewed  as 
two  dimensional  in  the  x-y-plane  (the  mean  flow  velo¬ 
city  is  in  the  x-direction)  has  furthermore  the  following 
symmetries: 

•  invariance  against  reflexion  at  the  x-y-plane 

•  invariance  against  translation  in  x-direction 

•  invariance  against  translation  in  z-direction 

These  symmetry  properties  reduce  the  number  of  inde¬ 
pendent  correlation  functions  to  8  and  10,  respectively. 

3  The  measurement  scheme 

The  derivatives  of  the  light  intensity  which  appear  in 
the  equations  (4)  and  (6)  cannot  be  measured  direct¬ 
ly.  Consequently  one  is  forced  to  measure  spatial  and 
temporal  differences,  which  requires  two  detectors  at 
different  locations  which  perform  successive  intensity 
measurements. 

The  time  interval  between  successive  intensity  mea¬ 
surements  (the  so  called  sample  time)  must  be  chosen 


in  a  way  that  intensity  changes  during  that  time  are 
only  small.  This  requires  the  possibility  to  adjust  the 
sample  time  according  to  the  pattern  velocity.  In  our 
experiments  we  used  sample  times  from  5-50  fis  de¬ 
pending  on  the  flow  properties.  The  mutual  distance 
of  the  two  detectors  was  about  one  tenth  of  the  speckle 
size  in  the  screen  plane,  this  assures  sufficiently  small 
spatial  intensity  differences. 

Gauge  measurements  with  these  parameters  on  the 
flow  within  a  rotating  cuvette  show  at  most  5%  de¬ 
viations  of  the  values  obtained  with  our  measurement 
scheme  from  the  true  gradient  values. 

The  intensity  measurements  were  done  with  photo¬ 
multipliers  in  the  photon  count  mode.  A  measure  for 
the  average  intensity  within  a  sample  time  is  then  the 
number  of  detected  photons  during  this  time.  The¬ 
se  numbers  were  counted  electronically  and  after  each 
sample  time  fed  to  the  memory  of  a  PC.  After  a  certain 
time  the  data  transfer  to  the  PC  was  interrupted,  and 
the  calculation  of  the  correlation  functions  according 
to  expressions  derived  from  equations  (4)  and  (6)  was 
started.  This  procedure  was  repeated  until  the  scatter 
in  the  calculated  correlation  functions  was  considered 
sufficiently  small. 

The  resulting  measurement  time  varied  between  10 
and  40  minutes.  This  amounts  to  an  averaging  over  a 
number  of  sample  times  of  the  order  of  magnitude  of 
10®.  This  number  can  be  reduced  considerably  if  the 
light  intensity  is  increased.  The  measurements  cited  in 
this  paper  were  performed  with  an  average  of  detected 
photons  per  sample  time  of  not  more  than  5. 


4  The  flow 

We  did  the  measurements  on  a  flow  in  an  open  water 
channel  with  the  dimensions  of  500x18x3  cm®.  AH 
results  cited  in  this  paper  refer  to  a  Reynolds  number 
Re  of  4200,  where  Re  is  defined  by 


Here  d  is  the  channel  width,  u  the  centre  line  velocity, 
and  1/  the  kinematic  viscosity.  The  measurements  we¬ 
re  done  at  3.5  m  from  the  inlet  and  16  cm  above  the 
channel  bottom.  The  critical  Reynolds  number  of  this 
channel  was  determined  to  be  2400.  The  temperature 
of  the  water  was  controlled  to  better  then  0.5  degrees. 
The  seeding  was  done  with  latex  particles  with  a  par¬ 
ticle  size  of  200  nm. 
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5  The  optical  set-up 

An  argon  laser  of  maximum  power  of  3  W  served  as  the 
light  source.  The  laser  was  run  in  the  TEMo^  mode  at 
wave  length  of  488  nm  and  a  power  of  300  mW. 

In  order  to  obtain  a  sufficient  large  number  of  inde¬ 
pendent  correlation  functions  we  built  a  set-up  where 
the  illuminating  light  wave  could  be  switched  by  use  of 
a  Pockels  cell  between  two  antiparallel  directions.  Both 
hght  beams  were  directed  with  mirrors  and  lenses  into 
the  flow  in  a  way  that  the  waists  of  the  two  beams  had 
equal  size  and  coincided. 

The  scattered  light  was  observed  in  two  perpendicu¬ 
lar  directions,  which  were  also  perpendicular  to  the  di¬ 
rections  of  the  illuminating  light  beams.  The  resulting 
scattering  volume  wa.s  almost  spherical  of  a  diameter  of 
150  /j,m. 

With  this  set-up  we  could  measure  8  auto-  and  16 
crosscorrelation  functions  of  the  speckle  velocities  in  the 
two  observation  planes.  This  was  sufficient  to  calculate 
aU  non- vanishing  correlations  functions  of  the  compon¬ 
ents  of  the  velocity  gradient  tensor. 

For  measurements  at  different  distances  from  the 
channel  wall  we  could  translate  the  whole  optical  set-up 
with  respect  to  the  flow  channel. 

6  Results 

Examples  of  measured  correlation  functions  of  the 
speckle  velocity  are  shown  in  figures  2  and  3. 


Figure  2:  Example  of  a  meaisured  autocorrelation  func¬ 
tion  of  the  speckle  velocity.  Note  the  different  scales! 

From  a  set  of  24  correlation  functions  measured  for 
one  definite  position  of  the  scattering  volume  within 


Figure  3;  Example  of  a  measured  crosscorrelation  func¬ 
tion  of  the  speckle  velocity.  Note  the  different  scales! 

the  flow  we  calculated  the  correlation  functions  of  the 
components  of  the  velocity  gradient  tensor.  It  should  be 
noted  that  this  calculation  is  not  straight  forward  since 
not  all  of  the  measured  correlation  functions  are  linear 
independent,  and  therefore,  the  data  are  not  compatible 
with  each  other.  We  did  the  calculation  by  use  of  a  least 
mean  square  fit  procedure. 

Examples  of  these  correlation  functions  are  shown  in 
the  figure  4,  where  the  autocorrelation  functions  of  the 
z-component  of  the  vorticity  for  different  distances  j/"*" 
from  the  channel  waU  are  plotted. 


Figure  4;  Autocorrelation  functions  of  the  z- 
component  of  the  vorticity  for  different  waU  distances 
2/^- 

In  this  figure  as  well  as  in  the  following  ones  we  used 
scaled  variables,  which  can  be  c«dculated  from  the  ki¬ 
nematic  viscosity  1/  of  the  fluid  and  the  so  called  waU 
gradient  ■  This  is  the  derivative  of  the  mean  flow 
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velocity  at  the  wall  in  the  direction  normal  to  the  wall. 
One  then  has  the  following  scaled  variables: 


5+  =  (9) 

_  T-JW 

y'^  =  y- 


From  the  zeroth  channels  of  the  correlation  functions 
we  calculated  the  turbulent  energy  dissipation  , 


( I 

dxf  dxf  j 


(10) 


and  the  enstrohpy  w'*', 


(11) 


Figure  6:  The  enstrophy  in  a  channel  flow  as  a  function 
of  the  wall  distance  t/"*”  -  All  quantities  scaled  according 
to  equations  (9) 


can  also  be  extended  to  measure  two-point  correlati¬ 
on  functions,  measurements  of  this  type  are  presently 
being  performed. 


In  these  two  equations  the  symbols  uf  denote  the  flu- 
tuating  parts  of  the  velocities  according  to  the  Reynolds 
decomposition. 

The  results  are  shown  in  the  figures  5  and  6. 
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ABSTRACT 

Two  particle  image  velocimetry  (PIV)  recording 
systems,  based  on  electronic  imaging,  for  use  in  indus¬ 
trial  wind  tunnel  environments  are  presented.  The  first 
camera  contains  two  independently  triggerable,  stan¬ 
dard  interline  transfer  CCD  sensors  which  view  the 
same  area  of  interest  through  a  beam  splitter.  Each  sen¬ 
sor  has  a  minimal  exposure  time  of  0.8  /ts  and  can  be 
triggered  within  1  fis.  The  asynchronous  reset  allows  the 
camera  to  be  directly  triggered  by  a  pulsed  laser  with 
repetition  rates  differing  from  standard  video  framing 
rates,  and  thus  can  provide  two  distinct  images,  sepa¬ 
rated  by  a  short  time  interval,  for  dual-frame,  single¬ 
exposure  PIV  application.  Captured  images  are  digi¬ 
tized  and  stored  within  the  camera  and  are  transferred 
to  a  PC  through  the  parallel  port  interface.  The  resid¬ 
ual  misalignment  of  the  two  sensors  is  accounted  for 
through  software. 

The  second  system  utihzes  a  high  resolution,  full 
fiame  interline  transfer  CCD  sensor  which,  contrary  to 
the  other,  captures  all  lines  of  the  pixel  array.  Adequate 
timing  synchronization  with  the  pulsed  laser  enables 
the  camera  to  also  provide  closely  spaced  image  pairs. 
The  minimal  time  delay  can  be  as  low  as  2  /is. 

Images  recorded  by  either  system  use  the 
same  multiple-pass,  cross-correlation  analysis  software, 
whose  algorithms  are  briefly  described.  Two  examples 
of  actual  applications  are  pven:  the  flow  issuing  from 
a  jet  nozzle  was  imaged  by  the  high-speed  video  cam¬ 
era  at  close  proximity.  The  high  resolution  system  was 
ai^Iied  in  the  study  of  helicopter  rotor  aerodynamics. 
The  formation  and  evolution  of  a  tip  vortex  behind  the 
advandng  blade  was  c^tured  normal  to  the  free  stream 
of  the  wind  tunnel.  Here  a  large  number  of  PFV  record¬ 
ings  (200)  could  be  obtained  in  a  short  time  (4  minutes) 
which  implies  a  possible  reduction  in  wind  tunnel  oper¬ 
ation  cost. 


1,  INTRODUCTION 

Particle  image  velocimetry  (PIV)  enables  the 
instantaneous  measurement  of  a  large  number  of 
velocity  vectors.  Adrian  (1991)  and  Hinsch  (1993) 
give  detailed  descriptions  of  various  implementa¬ 
tions  of  the  method  which  has  been  under  contin- 
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Figure  1.  Particle  image  velocimetry  systems  currently 
available  (left)  and  under  development  (right)  at  DLR 
for  use  in  wind  tunnels.  The  left-most  two  systems  are 
described  in  this  paper. 


ual  development  for  the  past  15  years.  The  most 
widespread  implementation  of  the  method  images 
seeding  particles  suspended  in  the  flow  under  inves¬ 
tigation  by  illuminating  them  with  a  pulsed  laser 
light  sheet  which  is  oriented  normal  to  the  imag¬ 
ing  axis  of  the  camera.  The  camera  records  the 
positions  of  the  particle  images  using  at  least  two 
closely  spaced  illumination  pulses.  By  measuring 
the  particle  image  displacement,  either  by  parti¬ 
cle  tracking  or  locally  applied  statistical  methods, 
the  two-dimensional  projection  of  the  local  veloci¬ 
ty  vector  can  be  estimated  using  the  magnification 
factor,  M,  and  the  laser  pulse  delay,  r. 

In  the  past  years  the  PIV  method  has  gained 
frtptiniial  acceptance  as  a  valuable  fluid  mechan¬ 
ics  research  tool  in  a  wide  variety  of  applications. 
In  most  cases  however,  the  method  was  employed 
in  laboratory  settings  in  which  the  setup  and  data 
acquisition  times  were  secondary  with  respect  to 
obtaining  high  quality  data.  A  different  approach 
toward  the  application  of  PIV  was  taken  at  the 
German  Aerospace  Research  Establishment  (DLR) 
where  the  Measurement  Sciences  Division  has  been 
developing  PIV  systems  since  1986.  The  princi¬ 
ple  aim  in  these  efforts  was  to  provide  PIV  sys¬ 
tems  for  application  in  a  wide  variety  of  DLR  wind 
tunnel  facilities.  This  imposed  a  number  of  addi¬ 
tional  requirements  not  present  in  typical  labora¬ 
tory  environments;  The  PIV  system  has  to  be  easi¬ 
ly  portable  and  its  components  need  to  be  mod- 


18.1.1 


ular  to  adapt  to  each  tunnel’s  unique  features. 
Reliability  is  of  principle  concern  due  to  the  high 
cost  of  operating  larger  wind  tunnels  such  as  the 
Deutsch-Niederlandischer  Windkanal  (DNW)  with 
its  6  m  X  8  m  test  section.  Another  set  of  require¬ 
ments  Mises  from  the  fact  that  nearly  all  applica¬ 
tions  of  PIV  at  DLR  take  place  in  air  at  moderate 
to  high  speeds:  small  seeding  particles  are  need¬ 
ed  to  accurately  follow  the  flow,  even  at  transonic 
speeds  across  shocks,  which  in  turn  requires  the  use 
of  high-powered  pulsed  lasers  in  conjunction  with 
high  quality  imaging  equipment,  especially  when 
the  observation  areas  and  distances  are  increased. 
The  seeding  equipment  itself  has  to  be  capable  of 
producing  large  quantities  of  particles  to  seed  large 
volumes  of  air.  Finally,  a  third  set  of  requirements  is 
motivated  by  reducing  the  time  between  the  actual 
PIV  recording  and  the  availability  of  the  recovered 
PIV  vector  data  sets. 

The  currently  existing  PIV  systems  at  DLR 
are  outlined  in  Figure  1.  To  the  left,  PFV  is 
implemented  in  its  classical  form,  namely  record¬ 
ing  the  two-dimensional  projection  of  the  par¬ 
ticle  displacements  from  within  a  light  sheet. 
Toward  the  right,  systems  capable  of  recovering 
the  out-of-plane  (third)  velocity  components  are 
indicated  and  are  still  in  a  developmental  phase. 
Of  the  three  systems  toward  the  left,  the  pho¬ 
tographic,  single-frame/double-exposure  recording 
approach  has  been  in  use  the  longest  (Kompen- 
hans  &  Hocker,  1988).  Image  shifting  by  means 
of  a  rotating  mirror  (Raffel  &  Kompenhans,  1995) 
and  recently  through  the  use  of  a  birefringent 
crystal  plate,  now  enable  PIV  measurements  over 
the  entire  spectrum  of  DLR’s  wind  tunnel  flows. 
Through  the  recent  implementation  of  digital  inter¬ 
rogation  methods  based  on  high  resolution  scans 
of  the  photographic  recording  (Willert,  1996)  the 
adiievable  spatial  resolution  could  be  increased  by 
a  factor  of  two  over  the  existing  Young’s  fringe 
method  of  interrogation.  The  digital  approach  sig¬ 
nificantly  reduces  processing  time  because  there  no 
longer  is  a  need  to  produce  a  high-contrast  con¬ 
tact  copy  of  the  recording  prior  to  interrogation.  As 
films  can  be  developed  and  dried  within  an  hour, 
there  now  are  multiple  chances  for  feedback  into 
the  experiment  during  the  course  of  a  day. 

An  almost  immediate  availability  of  the  PIV 
data  is  possible  by  using  video  based  approach¬ 
es  to  PFV  recording,  indicated  to  the  left  of  Fig¬ 
ure  1.  This  big  advantage  is  opposed  by  a  reduc¬ 
tion  in  spatial  resolution  such  that  the  photograph¬ 
ic  recording  method  continues  to  be  a  valuable  tool 
for  high  resolution  PIV  measurements.  As  a  matter 
of  fact  the  video  and  photographic  approaches  are 
currently  used  in  conjunction  in  the  wind  tunnel 
environment:  the  video  approaches  are  often  used 
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Figure  2.  Schematic  layout  of  the  high-speed,  dual  sen¬ 
sor  PIV  camera. 


to  locate  areas  of  interest  in  the  flow  field,  which 
then  can  be  mapped  at  greater  spatial  resolution 
using  photography.  This  article  describes  two  video 
based  PFV  systems  currently  jn  use  at  DLR.  Each 
system  has  a  number  of  advantages  over  the  other 
which  allows  the  coverage  of  a  wide  spectrum  of 
applications,  some  of  which  will  be  given  herein. 

2.  A  HIGH-SPEED  VIDEO  CAMERA 

Aside  from  reducing  the  time  between  image  acqui¬ 
sition  and  PIV  data  availability,  one  of  the  primary 
reasons  for  using  a  video  based  approach  to  PFV 
recording  is  to  completely  remove  the  directional 
ambiguity  issue  by  separating  the  two  exposures 
of  the  particles  in  the  flow  field  onto  two  separate 
recordings.  But  due  to  the  relatively  low  frame  rate 
of  conventional  video,  typically  25  Hz  (CCIR  video 
standard)  or  30  Hz  (RS-170  video  standard),  this 
dual-frame/single-exposure  approach  was  initially 
limited  to  low  speed  applications  in  water  (Willert 
&  Gharib,  1991).  The  later  use  of  frame  transfer 
CCD  sensors  permitted  the  pulse  delay,  t,  to  be 
reduced  from  33.3  ms  (i.e.  video  frame  rate)  to 
2  ms  providing  PFV  recordings  at  a  15  Hz  frame  rate 
(Gharib  et  al.,  1992;  Hornung,  Willert  t  Turner, 
1995).  Alternatively,  video  c^eras  based  on  inter¬ 
line  transfer  CCD  sensors  have  been  used  to  reduce 
the  exposure  delay  to  160 /is  (Huang  &  Fiedler, 
1994)  and  10 /is  (Lecordier  et  al.,  1994)  by  exposing 
the  sensor  once  before  and  once  after  the  interline 
transfer  event  in  which  case  the  recovered  images 
only  have  half  the  vertical  resolution.  One  major 
disadvantage  of  using  standard  video  cameras  for 
dual-frame/single-exposure  PIV  recording  is  that 
they  generally  cannot  be  triggered  fast  enough  to 
capture  rapidly  occurring,  asynchronous  events  in 
wind  tunnel  flows,  such  as  from  rotor  blades  or  air¬ 
foil  flapping. 

In  an  effort  to  provide  a  video  based  PIV  sys¬ 
tem  suitable  for  capturing  unsteady  events  in  wind 
tunnel  flows,  a  special  camera  has  been  designed 
at  DLR.  The  camera  system  is  based  on  previ¬ 
ous  experiences  gained  in  the  design  and  use  of 
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Figure  3.  Coarse  sensor  alignment  over  three  degrees 
of  freedom. 


a  special,  patented,  high-speed  video  camera  con¬ 
taining  eight  sensors  with  a  burst  frame  rate  of  1 
million  frames  per  second  (Stasicki  &  Meier,  1995; 
Raffel  et  al.,  1994).  The  optical  design  of  this  eight- 
sensor  camera  is  such  that  its  sensitivity  is  reduced 
by  a  factor  of  eight  in  comparison  to  a  standard, 
single  sensor  CCD  camera.  This  makes  its  applica¬ 
tion  to  imaging  the  light  scattered  off  small  (1  fim) 
oil  droplets  in  air  diflScult  unless  the  supplied  laser 
illumination  is  increased  accordingly. 

The  high-speed  video  camera  featured  in  this 
article  has  a  very  similar  electronic  design  as  the 
eight  sensor  version  but  contains  only  two  sensors 
which  view  the  same  area  by  means  of  a  beam  split¬ 
ter.  This  arrangement  makes  the  camera  four  times 
more  sensitive  to  light  than  the  original  design.  A 
schematic  layout  of  the  camera  is  shown  in  Fig¬ 
ure  2.  In  essence  the  system  contains  two  cam¬ 
era  modules  which  are  slaved  to  a  third,  sensor¬ 
less,  master  camera  that  provides  timing  signals 
allowing  the  active  cameras  operate  exactly  syn¬ 
chronous.  This  was  necessary  since  the  electron¬ 
ic  impulses  present  during  the  asynchronous  reset 
event  of  one  sensor  interfered  with  its  neighboring 
counterpart  and  resulted  in  a  detenoration  of  the 
acquired  images. 

Each  of  the  two  camera  modules  has  its  own  8- 
bit  A/D  converter  and  memory  to  store  a  full  image 
containing  741  by  574  pixels.  The  frame  memories 
can  be  read  out  through  a  multiplexer  and  digital 
interface  using  the  parallel  port  of  a  standard  per¬ 
sonal  computer  (PC).  Additional  frame-grabbers 
are  therefore  not  needed.  Analog  video  outputs  per¬ 
mit  the  simultaneous  viewing  of  the  camera  signals 
on  standard  video  monitors.  The  cameras’  config¬ 
uration  parameters,  such  as,  integration  (shutter) 
times,  trigger  and  acquisition  modes,  are  stored  in 
EEPROM  within  the  system  and  can  be  read  or 
modified  from  the  PC  using  the  parallel  port  inter¬ 
face.  Configuration  and  data  retrieval  is  performed 
using  dedicated  MS-Windows  or  DOS  programs; 
recorded  imsiges  are  stored  as  Bitmap  or  TIFF  files. 

Each  of  the  camera  modules  within  the  system 
is  freely  triggered  using  TTL  pulses.  The  internal 
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Figure  4.  Raw  PIV  displacement  data  obtained 
through  cross-correlation  processing  of  stationary  ran¬ 
dom  dot  pattern.  The  data  shows  the  residual  misalign¬ 
ment  between  the  two  sensors  of  the  high-speed  video 
camera. 

Table  I.  Statistics  for  the  residuals  of  the  least  squares  fit 


to  the  data  in 

figure  4. 

Window  Size 
(pixcP) 

RMS-Fluct. 

(pixel) 

Max.  Deviations 
(pixel) 

64=* 

X-Shift 

Y-Shift 

0.023 

0.040 

(-0.080,0.084) 

(-0.112,0.140) 

32^ 

X-Shift 

Y-Shift 

0.047 

0.088 

(-0.198,0.175) 

(-0.278,0.452) 

delay  for  camera  reset  b  on  the  order  of  1  fis.  The 
minimum  exposure  time  for  the  sensor  b  0.8  ;is, 
which  corresponds  to  the  time  required  to  shift 
the  accumulated  charge  from  an  exposure  into  the 
interline  storage  weUs.  As  both  camera  modules 
can  be  triggered  individually,  there  b  no  mini¬ 
mum  delay,  r,  for  its  operation.  The  effective  mini¬ 
mum  delay  without  cross-talk  from  one  to  the  oth¬ 
er  sensor  b  given  by  the  minimum  exposure  time, 

rinin  “  0.8 /4S. 

2.1.  SENSOR  ALIGNMENT  AND 
CALIBRATION 

The  two  CCD  sensors  are  mounted  on  two  faces 
of  the  beam  splitter  as  shown  in  Figure  3.  The 
sensors  are  packaged  in  circular  cases  and  are  held 
by  circuit  brass  fittings  which  allows  each  sensor 
to  be  rotated  fully  and  translated  on  the  order  of 
±100  (tm.  With  the  aid  of  an  alignment  fixture  the 
sensors  can  be  aligned  within  a  few  pixels  by  over¬ 
laying  the  two  video  signab  onto  one  monitor. 

The  residual  misalignment  between  the  two  sen¬ 
sors  is  accounted  for  through  software  as  described 
next:  the  simultaneous  recording  of  a  random  dot 
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Figorc  5.  RMS  measniement  ancertainties  in 
daal-frame,  cross-correlation  PIV  as  a  function  of  parti¬ 
cle  image  diameter  based  on  simulated  particle  images 
with  a  density  of  0.01  partides/pixel. 

pattern  or  of  actual  seeding  particles  is  used  to  esti¬ 
mate  the  shift  of  the  sensors  on  a  pixel-by-pixel 
basis.  The  recorded  image  pair  is  interrogated  using 
the  same  cross-correlation  software  as  is  used  for 
evaluating  actual  PIV  image  pairs.  The  resulting 
displacement  data  (Figure  4)  is  then  used  to  com¬ 
pute  a  second  degree  least  squares  fit  which  pro¬ 
vides  a  very  precise  estimate  of  the  misalignment 
which  can  be  described  with  very  few  parameters. 
This  alignment  vector  field  only  needs  to  be  deter¬ 
mined  once  and  is  removed  from  the  displacement 
data  of  an  actual  PIV  measurement  prior  to  its 
conversion  to  velocity. 

The  residuals  of  the  least  squares  fit,  summa¬ 
rized  in  Table  I,  give  an  estimate  for  the  obtainable 
measurement  uncertainty.  The  data  shows  that 
both  the  RMS-fluctuations  and  maximum  devia¬ 
tions  approximcitely  double  when  the  interrogation 
window  is  reduced  from  64^  pixels  to  32^  pixels. 
Further,  the  vertical  uncertainty  is  approximate¬ 
ly  twice  as  large  as  the  horizontal  which  is  due  to 
the  reduced  vertical  resolution  associated  with  the 
field  stOTage  mode  of  the  interline  CCD  sensors. 
In  the  alignment  dot  pattern  (rmidom  black  dots 
<Mi  white  paper)  given  herein  the  diameter  of  the 
recorded  artifical  particle  images  (»  5  pixels)  was 
about  twice  that  of  typical  particle  images  recorded 
in  air.  Elxperience  and  simulations,  such  as  summa¬ 
rized  in  Figure  5,  have  shown  that  particle  images 
of  2-3  pixel  diameter  produce  the  lowest  measure¬ 
ment  uncertainty. 

2.2.  PIV  APPLICATION  ON  A  FREE  JET 

In  its  first  application,  the  dual-sensor  camera  was 
used  to  record  PFV  images  of  the  flow  issuing  from 
a  2.5  cm  jet  nozzle  with  an  exit  velocity  of  60  m/s. 
The  seeding  was  provided  by  l^m  oil  droplets 
which  were  generated  using  pressurized  air  pass¬ 
ing  through  Laskin  nozzles  immersed  in  olive  oil.  A 
constant  stream  of  seeded  air  was  introduced  in  the 
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Figure  6.  Timing  diagram  showifig  the  synchronization 
between  the  pulsed  laser  and  the  camera. 

settling  chamber  of  the  jet  facility,  but  no  external 
seeding  was  used. 

PIV  recordings  were  obtained  at  the  nozzle  as 
well  as  further  downstream  at  a  high  magnifica¬ 
tion  using  a  60mm/f2.8  lens.  The  small  field  of 
view  (45  mm  by  30  mm)  was  chosen  in  order  to  test 
the  camera’s  operation  with  short  time  delays,  r. 
Delays  down  to  r  =  3/is  with  exposure  times  of 
1.5  fis  were  tested  successfully  in  this  mamner.  A 
further  decrease  in  timing  was  hampered  by  a  1  ps 
jitter  of  the  analog  laser  timing  circuitry,  a  prob¬ 
lem  which  since  has  been  solved.  Figure  6  illus¬ 
trates  the  timing  sequence  to  trigger  the  camera 
off  the  laser  which  operated  at  10  Hz  and  40  mJ 
per  pulse.  Using  the  first  flash  lamp  trigger  pulse, 
a  sequencer  provided  the  necessary  TTL  pulses  to 
trigger  the  sensor  exposure  simultaneously  with  the 
actual  laser  li^t  pulses.  The  delay  between  the 
pockels  cell  (Q-switch)  and  the  first  light  pulse 
was  too  short  (<  1  /is)  to  allow  the  camera  to  be 
triggered  in  this  alternative  fashion.  In  the  current 
application  the  camera  captured  image  pairs  at  a 
10  Hz  rate  of  which  selected  pairs  were  transferred 
to  and  stored  on  the  host  computer  for  subsequent 
PFV  data  retrieval.  The  exposure  delay  was  set  to 
r  =  10  /IS  during  which  the  particles  moved  on  the 
order  of  0.6  mm  near  the  nozzle  orifice  (about  9 
pixels  in  the  image  plane,  M  =  15.21  pixel/nun). 
In  a  later  implementaticm  both  the  laser  and  cam¬ 
era  could  be  controlled  using  the  same  sequencer 
such  that  the  exposure  delay,  r,  is  set  in  only  one 
place. 

2.3.  PFV  ANALYSIS  SOFTWARE 

Before  the  recorded  images  could  be  analyzed  by 
the  cross-correlation  software,  several  operations 
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Figure  7.  Velocity  vector  map  for  a  jet  flow  witk  25  mm 
nozzle  diameter  (located  aX  x  =  0,  y  =  0).  The  data 
on  the  top  is  recorded  at  the  nozzle,  while  the  bottom 
is  recorded  80  mm  further  downstream.  Half  the  exit 
velocity  (i.e.  30  m/s)  has  been  subtracted. 

were  performed:  First,  the  images  recorded  from 
the  off-axis  face  of  the  beam  splitter  were  flipped 
horizontally  to  account  for  the  reflection.  Second¬ 
ly,  since  only  every  other  line  of  the  pixel  array  in 
the  interline  CCD  sensors  was  exposed,  the  missing 
lines  were  linearly  interpolated.  It  should  be  noted 
however,  that  this  operation  of  course  can  not  gen¬ 
erate  the  particle  image  data  which  was  missed  in 
the  original  recording.  Rather,  this  operation  was 
performed  to  allow  easier  handling  and  viewing  of 
an  undistorted  image. 

The  core  of  the  evaluation  procedure  is  based  on 
a  cross-correlation  analysis  using  small  (32^  pixel) 
interrogation  windows  similar  to  that  described  by 
Willert  Ic  Gharib  (1991).  The  interrogation  win¬ 
dows  are  overlapped  50%  (16  pixels).  The  cross¬ 
correlation  analysis  program  implements  a  multiple 


pass  algorithm  in  which  a  number  of  peisses  (typi¬ 
cally  3  passes)  are  used  to  offset  the  interrogation 
window  with  respect  to  each  other  in  accordance 
to  the  local  displacement  vector.  This  procedure, 
described  by  Westerweel,  Dabiri  &  Gharib  (1995), 
has  the  advantage  of  significantly  reducing  the  mea¬ 
surement  uncatainty  and  improving  the  signal  to 
noise  ratio  (i.e.  higher  data  yield).  Between  each  of 
the  interrogation  passes  tin  outlier  search  algorithm 
eliminates  vectors  which  deviate  significantly  from 
their  ndghbors  to  prevent  the  following  interroga¬ 
tion  to  lock  onto  the  suspect  displacement  data. 
In  the  final  pass,  the  peak  detection  algorithm  is 
limited  to  a  smaller  search  region  within  the  cor¬ 
relation  plane  to  recover  displacement  data  which 
may  not  otherwise  be  found.  No  outlier  detection 
and  replacement  is  performed  after  the  last  pass  of 
the  interrogation.  Since  the  interrogation  windows 
can  only  be  shifted  by  integer  amounts  the  multi¬ 
ple  pass  algorithm  converges  after  typically  three 
passes  and  generally  requires  approximately  twice 
the  interrogation  time  as  the  standard,  single-pass 
interrogation. 

Once  the  displ2w:ement  data  has  been  deter¬ 
mined  it  is  corrected  with  the  sensor  alignment 
data  that  was  obtained  using  the  least  squares  anal¬ 
ysis  described  in  the  previous  section.  Finally  the 
data  is  converted  to  velocity  using  the  known  mag¬ 
nification  factor,  M,  and  exposure  delay,  r.  Fig¬ 
ure  7  shows  two  examples  of  PIV  vector  maps 
obtained  for  the  jet  flow  using  the  multiple-pass 
interrogation  procedure.  No  additional  data  vali¬ 
dation  or  smoothing  was  applied  here.  The  large 
number  of  outliers  on  top  and  bottom  of  figure  7a 
is  due  to  the  lack  of  particle  images  in  these  regions 
because  no  external  seeding  was  applied.  Further 
downstream  (Figure  7b)  the  seeding  coveted  the 
entire  field  of  view  and  therefore  resulted  in  a  vec¬ 
tor  map  with  very  few  outliers. 

As  shown  in  Figure  5  the  measurement  uncer¬ 
tainty  varies  with  particle  image  diameter.  In  the 
present  recordings  the  particle  image  diameters  are 
on  the  order  of  2  to  4  pixel  such  that  a  conserva¬ 
tive  estimate  for  the  32^  pixel  interrogation  window 
is  ±0.03  pixel  (or  ±0.047  pixel  from  Table  I)  which 
translates  to  ±0.2  m/s  or  approximately  0.5%  of 
the  exit  velocity.  Since  the  vertical  resolution  of 
the  sensor  is  only  half  as  good,  the  measurement 
uncertainty  in  this  direction  should  be  on  the  order 
of  ±0.4  m/s.  These  estimates  may  be  on  the  opti¬ 
mistic  side  since  they  only  are  valid  for  gradient- 
free  regions  of  the  flows  and  because  the  simula¬ 
tions  shown  in  Figure  5  do  not  include  effects  due 
to  recording  noise,  missing  particle  image  data  (due 
to  unc^tured  video  lines),  particle  loss  by  three- 
dimensional  motion  as  well  as  other  effects. 
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3.  A  HIGH  RESOLUTION 

CROSS-CORRELATION  VIDEO 
CAMERA 


In  spite  of  its  numerous  advantages  the  high-speed 
video  camera  described  in  the  previous  section  has 
a  significantly  lower  spatial  resolution  than  pho- 
t(^raphic  film  and  thus  can  <»ly  be  used  to  map 
small  areas  within  the  flow  field.  Given  the  inter¬ 
rogation  window  of  32^  pixd  the  dual-sensor  cam¬ 
era  provides  sq>proximateiy  23  by  18  discrete  vec¬ 
tors.  Standard  35  mm  photogr<4>hic  film,  digitized 
at  100  pixels  per  millimeter,  yields  about  56  by  37 
discrete  vectors  at  comparable  measurement  uncer- 
tainty  (a  64^  pixel  interrogation  window  is  required; 
see  Willert,  1996). 

To  fill  the  large  gap  in  spatial  resolution,  a 
third  camera  system  has  been  designed.  In  this  case 
the  camera’s  sensor  incorporates  a  full-frame  inter¬ 
line  CCD  technology  which  has  recently  become 
available.  Contrary  to  the  more  common  interline 
transfer  CCD  sensors,  as  used  in  the  high-speed 
video  camera,  these  sensors  are  capable  shuttering 
(exposing)  and  storing  the  entire  array  of  pixels, 
not  just  every  other  line.  Thus,  these  sensors  imme¬ 
diately  offer  twice  the  vertical  resolution  when  the 
CCD  is  used  in  the  shuttered  mode.  A  standard  res¬ 
olution  camera  of  this  type  (768  x  484  pixels)  was 
first  used  for  high-speed  PIV  measurements  in  air 
at  the  California  Institute  of  Technology  as  part 
of  the  collaboration  in  the  Center  of  Qualitative 
Visualization  (Vogt  et  al.,  1996). 

Following  this  general  approach,  the  present 
PIV  camera  system  additionally  features  a  non¬ 
standard,  high  resolution,  digital  video  format  con¬ 
sisting  of  1000  by  1000  square  pixels  with  a  15  Hz 
&ame  rate.  Using  a  32^  pixel  interrogation  window 
this  trandates  to  a  spatial  resolution  of  31  by  31 
discrete  vectors.  The  distal  video  signal  of  the 
camera  can  not  be  viewed  using  a  standard  video 
monitor.  Rather,  the  camera  has  its  own  digitiz- 
«  and  m«nory  and  provides  the  video  signal  in  a 
digital  form  which  is  captured  by  an  interface  card 

^  PC.  The  interface  card  transfers  the  digital 
data  directly  into  the  computer’s  memory  (RAM) 
at  roughly  20  Mbyte/s  and  thereby  allows  a  con¬ 
tiguous  sequence  of  frames  to  be  viewed  and  cap¬ 
tured. 

To  permit  the  recording  of  two  fidl  frames  in 
short  succession  the  camera  had  to  be  exactly  syn¬ 
chronized  with  the  laser.  Unlike  the  high-speed 
camera  system  described  before,  which  was  slaved 
to  the  laser’s  pulse  generator,  the  high  resolution 
camera  provides  the  timing  for  the  pulsed  laser.  A 
special  frequency  divider/multiplier  was  designed 
to  synchronize  the  15  Hz  frame  rate  of  the  camera 
with  the  10  Hz  of  the  pulsed  Nd-YAG  laser.  This 


allows  the  generation  of  PIV  image  pairs  at  a  5  Hz 
rate.  The  phase  of  the  timing  signals  is  set  such 
that  the  first  laser  light  pulse  occurs  shortly  before 
the  interline  transfer  event  within  the  sensor,  while 
the  second  laser  light  pulse  occurs  shortly  there¬ 
after.  This  procedure  is  similar  to  those  described 
by  (Lecordier  et  al.,  1994)  and  (Huang  &  Fiedler, 
1994).  The  minimal  delay,  r,  between  the  pulses 
has  been  confirmed  down  to  Tmin  =  1/is  at  low 
light  levels.  However,  r  increases  to  5  —  10/is  for 
high  saturation  levels  of  the  exposed  pixels. 

3.1.  PIV  MEASUREMENTS  OF  HELICOPTER 
TIP  VORTICES 

A  challenging  application  for  this  high  resolution, 
cross-correlation  video  camera  was  the  study  of  tip 
vortices  generated  by  and  interacting  with  a  model 
helicopter  rotor  in  simulated  free  flight  and  descent. 
The  experiments  were  undertaken  in  the  open  test 
section  of  the  low  speed  wind  tunnel  of  the  Depart¬ 
ment  of  Aerospau:e  Engineering  of  RWTH  Aachen. 
The  fully  actuated  rotor  of  1  m  diameter  consisted 
of  four  NACA  0015  blades  (chord  length  =  54  mm) 
with  rectangular  ti{>s  and  was  driven  by  a  65  kW 
electric  motor.  Two  flight  configurations  were  stud¬ 
ied,  simulated  free  flight  at  1500  rpm  and  a  free 
stream  velocity  of  Uoo  =  15.7  m/s,  and  simulated 
descent  at  3000  rpm  and  Uoo  =  31.4  m/s.  PIV  mea¬ 
surements  results  of  the  former  are  briefly  described 
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Figure  9.  Vdocity  vector  map  (top)  and  corresponding 
vortidty  estimate,  (bottom)  for  the  flow  behind  an 
advancing  rotor  Made.  One  of  the  four  blades,  rotating 
at  1500  rpm  in  the  y  =  0-iflane  at  a  free  stream  of 
Uoo  =  15.7  m/s,  has  just  left  the  imaging  {flane.  The 
contour  levels  are  spaced  at  2000  sec~^;  solid  contours 
indicate  negative  values  for  ttix- 


here;  more  detailed  results  on  both  cases  are  given 
in  (RafFel  et  al.,  1996). 

Figure  8  outlines  the  PIV  system  incorporating 
the  high  resolution,  cross-correlation  video  camera. 
As  the  camera  could  not  by  operated  asynchronous¬ 
ly,  but  rather  provided  the  timing  for  the  pulsed 
laser,  the  PIV  recording  could  not  be  performed 
at  desired  cizimuthal  angles  of  the  rotor.  Instead, 
it  was  decided  to  record  a  large  number  of  PIV 
images  (200)  which  were  coded  with  the  azimuthal 
angle  (0.36®  resolution)  at  the  instant  of  the  first 


laser  light  pulse  (Q-switch  trigger).  To  prevent  spu¬ 
rious  interference  from  the  wind  tunnel  and  rotor 
motors  or  from  the  laser,  a  number  of  signals  were 
transmitted  using  fiber  optic  cables. 

The  plane  of  the  light  sheet  was  oriented  near¬ 
ly  normal  to  the  firee  stream  on  the  advancing 
side  of  the  rotor.  The  PIV  camera,  fitted  with  a 
180inm/{2.8  lens  was  located  1.5  m  downstream 
and  imaged  an  area  65  x  65  mm?.  Due  to  the  short 
residency  time  of  the  particles  flying  normal  to  the 
1  mm  thin  light  sheet  the  poise  delay  was  set  at 
T  =  7  fts.  This  translated  to  an  out-of-plane  parti¬ 
cle  loss  less  than  15%.  In  this  configuration  200 
image  pairs  (i.e.  400  MBytes)  were  c^tured  within 
four  minutes  covering  the  entire  range  of  azimuthal 
angles. 

The  same  multiple-pass,  xross-correlation  soft- 
Wcire  as  previously  described  was  used  to  recov¬ 
er  the  displacement  data.  During  the  acquisition 
the  laser  power  was  limited  to  60  -  70  mJ  per 
pulse  which  was  insufficient  to  saturate  the  sen¬ 
sor  and  produce  adequately  sized  particle  images; 
many  particle  images  thus  only  covered  1-2  pix¬ 
els.  As  a  result  the  measurement  uncertainty  was 
on  the  order  of  ±0.1  pixel.  The  maximum  displace¬ 
ments  were  limited  to  less  than  three  pixels  around 
the  strongest  vortex  due  to  the  short  pulse  delay 
of  r  =  7  ps.  As  a  consequence,  the  measurement 
uncertainty  was  large  compared  to  the  measured 
displacements.  Nevertheless,  the  displacement  data 
quality  could  be  improved  by  first  oversampling 
the  images  during  interrogation  (32^  pixel  interro¬ 
gation  window),  then  Gaussian-filtering  the  data 
and  finally  desampling  back  to  a  50%  overlap.  In 
the  future  the  problem  should  be  resolved  by  using 
a  high  powered  laser  (300mJ/pulse)  which  was 
recently  acquired. 

Figure  9  shows  one  example  of  the  200  PIV 
image  set  that  was  acquired  with  the  high  resolu¬ 
tion,  cross-correlation  camera.  TTie  tip  of  the  rotor 
blade  is  located  at  x  =  0cm,y  =  0  cm  with  the 
vertical  rotor  asds  located  at  x  =  50  cm.  Three  dif¬ 
ferent  vortices  can  be  seen:  the  strong  vortex  (A) 
to  the  left  was  generated  by  the  rotor  blade,  which 
just  passed  through  the  light  sheet.  A  second,  weak¬ 
er  vortex  (B)  can  be  seen  near  the  top  of  the  obser¬ 
vation  area,  and  was  generated  by  the  blade  90® 
forward  of  the  current  blade.  As  the  current  blade 
moves  away  from  the  observation  area,  the  newly 
formed  vortex  will  move  up  to  this  position.  Lat¬ 
er,  the  vortex  will  move  further  inward  and  down 
into  the  rotor  plane  where  it  will  be  ‘hit’  by  an 
advancing  blade.  The  remnants  of  this  third,  180® 
old,  vortex  (C)  can  be  seen  near  the  right  edge  of 
Figure  9. 
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4.  POTENTIAL  APPLICATIONS  AND 
OUTLOOK 


The  application  of  the  high-speed  digital  video 
camera  to  a  high  speed  air  jet  at  close  proximity 
implies  a  wide  range  of  other  possible  PIV  appli¬ 
cations  in  the  aurea  of  interned  aerodynamics.  In 
the  example  given  here,  the  camera  operated  at 
7"  Rs  10  /is  and  weis  able  to  record  high  velocities  in 
a  small  field  of  view.  By  reducing  the  pulse  delay  to 
^min  1  /rs,  the  velocity  may  be  increased  tenfold, 
allowing  the  measurement  of  transonic  or  super¬ 
sonic  internal  flows,  such  as  in  turbines  or  internal 
combustion  engines. 

The  asynchronous  shutter  capability  of  the 
high-speed  video  camera  allows  its  application  in 
bright  ambient  conditions  where  standard  sensors 
would  be  flooded  by  light.  This  means  that  the 
camera  can  be  used  to  record  PIV  images  in  lumi¬ 
nous  flows  such  as  flames.  Further,  the  combina¬ 
tion  of  the  camera’s  asynchronous  reset  and  asyn¬ 
chronous  shutter  enable  its  application  to  stochasti¬ 
cally  (non-periodic)  occurring  events.  Also,  a  con¬ 
tinuous  illumination,  such  as  by  a  CW-laser,  can 
be  used  to  generate  light  pulses  by  solely  operating 
the  electronic  shutters  in  the  camera  and  thereby 
makes  the  usual  opto-mechanical  or  electro-optical 
shutter  devices  in  the  path  of  the  laser  beam  unnec¬ 
essary. 

The  high  resolution  cross-correlation  camera 
fills  the  gap  in  spatial  resolution  between  the  high¬ 
speed  video  camera  and  photographic  35  mm  PIV 
recording.  Although  it  can  not  be  operated  asyn¬ 
chronously  the  combination  of  digital  image  cap¬ 
ture  and  high-speed  data  transfer  (20  MByte/s) 
allow  a  large  number  of  PIV  recordings  to  be 
recorded  in  a  short  time.  The  acquisition  software 
was  devised  in  such  a  manner  that  captured  image 
pairs  could  be  interrogated  within  30  seconds  allow¬ 
ing  the  camera’s  observation  area  to  be  shifted  to 
the  area  of  interest  during  the  operation  of  the  tun¬ 
nel.  This  procedure  was  exercised  during  the  heli¬ 
copter  rotor  studies.  This  also  allowed  the  photo¬ 
graphic  PIV  acquisition  to  be  quickly  aimed  at  the 
area  of  interest  to  provide  PIV  recordings  of  similar 
spatial  resolution  but  larger  field  of  view.  The  com¬ 
plementary  use  of  electronic  imaging,  for  obtain¬ 
ing  a  large  quantity  of  PIV  recordings,  and  pho¬ 
tographic  imaging,  for  capture  of  fewer,  but  high¬ 
ly  detailed,  PIV  recordings,  make  both  approaches 
equally  valuable  for  application  of  PIV  in  industri¬ 
al  wind  tunnels.  It  is  anticipated  that  these  PIV 
recording  systems,  at  their  current  state  of  devel¬ 
opment,  can  cover  a  large  spectrum  of  applica¬ 
tions  in  a  large  scale  facility  such  as  the  Deutsch- 
Niederlandischer  Windkanal  (DNW). 
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ABSTRACT 

An  extension  of  two-color  Particle  Image  Velocime- 
try  (PIV)  is  described  in  which  the  recording  media  (color 
film)  is  replaced  with  a  high-resolution  (3060  x  2036  pixel) 
color  CCD  sensor.  Incorporation  of  the  sensor  eUminates 
the  time  associated  with  film  development  and  digitization. 
Use  of  color  allows  the  removal  of  directional  ambiguities 
without  resorting  to  polarization-based  image-shifting  tech¬ 
niques.  For  comparing  the  performance  of  the  color  CCD 
sensor  with  conventional  color  film,  PIV  images  were 
obtained  on  a  sand-blasted  surface  undergoing  a  known 
translation  and  rotation  under  comparable  lighting  and  cam¬ 
era  conditions.  Good  agreement  was  obtained  between  the 
two  recording  media,  indicating  that  the  behavior  of  the 
color  CCD  sensor  is  similar  to  that  of  400-ASA  color  film. 
This  digital  two-color  PIV  (D2CPIV)  technique  was  used  for 
studying  simulated  turbine  film-cooling  flows  to  obtain 
more  detailed  characterization  of  the  coolant-injection  phe¬ 
nomena  and  their  interaction  with  freestream  disturbances. 
This  technique  allowed  near-real-time  optimization  of  the 
PIV  parameters  which  resulted  in  higher  valid  vector  density 
and  shear-layer  resolution. 


NOMENCLATURE 

d  film-cooling-hole  diameter  (1.905  cm) 

R  coolant  blowing  (mass  flux)  ratio  (p,U/p„UJ 
Re  Reynolds  number  based  on  film-cooling-hole 
diameter 

Tu  turbulence  intensity  (u/U) 

U  mean  local  streamwise  velocity  (m/s) 

X  streamwise  distance  measured  from  the  downstream 
lip  of  the  injection  hole  (cm) 
y  vertical  distance  from  the  injection  surface  (cm) 


1.  INTRODUCTION 

The  PIV  technique  has  been  in  use  for  a  number  of 
years  to  measure  velocity  distributions  in  planar  cross  sec¬ 
tions  of  aerodynamic  flowfields  (Adrian  1991).  One  of  the 
difficulties  involved  in  implementing  this  velocimetry 
technique  is  the  180-deg.  directional  ambiguity  which 
results  from  the  inability  to  determine  the  temporal  sequence 
of  the  particle  pairs.  Several  techniques  have  been  devel¬ 
oped  to  resolve  this  ambiguity  problem;  most  involve 
imposing  a  shift  between  consecutive  image  exposures  by 
means  of  scanning  or  rotating  mirrors  (Adrian  1986),  pulse 
tagging  (Grant  and  Liu  1990),  calcite  crystals  (Landreth  and 
Adrian  1988),  or  polarizing  beam  splitters  (Lourenco  1993). 
For  overcoming  the  difficulties  inherent  in  these  techniques, 
a  two-color  PIV  system  was  developed  (Goss  et  al.  1991). 
The  advantages  of  this  system  are:  1)  the  directional  ambi¬ 
guity  is  resolved  using  the  color  coding  of  the  particle 
fmages,  which  is  inherent  in  the  system,  2)  higher  data 
yields  and  signal-to-noise  levels  are  attainable,  and  3)  the 
technique  is  suitable  for  both  reacting  and  non-reacting 
flowfields. 

In  early  experimental  approaches  involving  the  PIV 
technique,  the  particle  images  were  recorded  on  photo¬ 
graphic  film.  However,  this  type  of  recording  is  time  con¬ 
suming  because  of  the  need  to  develop  the  film  before 
digitization  and  subsequent  computer  processing.  This  dis¬ 
advantage  can  be  overcome  by  recording  the  particle  images 
directly  onto  a  two-dimensional  CCD  array.  This  approach 
has  been  recognized  by  several  investigators.  Cho  (1989) 
proposed  that  the  double-exposed  digital  images  be  obtained 
by  digitizing  single-exposed  video  images  and  adding  the 
successive  images.  Okada  et  al.  (1990)  used  liquid-crystal 
television  (LCTV)  having  a  resolution  of  320  x  320  pixels. 
Willert  and  Gharib  (1991)  developed  digital  PIV  and  used 
cross  correlation  of  the  original-image  frames  acquired 
in  succession  to  obtain  an  accurate  measurement  of  the 


displacements  without  directional  ambiguity.  Lourenco  et 
al.  (1994)  introduced  a  fully  digital  and  operator-interactive 
PIV  system  which  utilized  a  CCD  area  sensor  (1320  x  1035 
pixel),  resulting  in  significant  improvements  over  earlier 
CCD-based  PIV  systems.  This  system  has  been  successfully 
implemented  in  a  wide  variety  of  flow  regimes. 

The  extension  of  the  two-color  PIV  technique  to 
include  CCD  cameras  has  been  hampered  in  the  past  by  the 
lack  of  commercially  available  high-resolution  color  CCD 
camera  systems.  Goss  et  al.  (1994)  attempted  to  utilize  a 
single  CCD  camera  and  dichroic  mirror  to  record  the  two- 
color  PIV  images  of  a  stagnation-point  flow.  However, 
several  problems  were  encountered,  including  a  nonuniform 
shift  across  the  image  and  degraded  signal-to-noise  ratios. 
Because  of  recent  developments  in  high-resolution  color 
cameras,  the  difficulty  in  utilizing  color  CCD  cameras  for 
two-color  PIV  has  significantly  decreased. 

The  present  paper  describes  the  extension  of  two- 
color  PIV  by  recording  the  color  images  onto  a  single,  high- 
resolution,  digital  (3060  x  2036  pixel)  color  CCD  sensor, 
thus  eliminating  the  processing  time  and  subsequent  digiti¬ 
zation  time  of  color  film  and  the  complexities  associated 
with  conventional  image-shifting  techniques.  For  demon¬ 
strating  the  direction-resolving  capabilities  of  the  D2CPIV 
technique  and  evaluating  the  spatial  resolution  capabilities, 
a  test  was  performed  using  a  sand-blasted  rotating  wheel. 
Results  from  this  study  indicate  that  the  high-resolution 
color  CCD  sensor  is  comparable  to  400-ASA  color  film  i  n 
sensitivity,  spatial  resolution,  and  data  quality. 

This  D2CPIV  technique  was  also  used  to  study  simu¬ 
lated  turbine  film-cooling  flows  in  order  to  provide  a  more 
detailed  characterization  of  the  coolant-injection  phenom¬ 
ena  and  their  interaction  with  the  freestream  disturbances. 
These  types  of  flows  are  important  because  many  state-of- 
the-art  turbine  stages  employ  film  cooling  to  permit  near- 
stoichiometric  combustor  operating  temperatures.  Film¬ 
cooling  air  is  injected  through  rows  of  small  (0.5  -  0.8  mm 
diameter  typical)  holes  in  the  blade  surface.  The  coolant  air 
is  supplied  from  the  compressor  exit  flow  and  is  maintained 
at  essentially  constant  pressure. 


film-cooling  holes  evaluated  is  2.4.  The  ratio  of  integral 
turbulence  scale  to  film-hole  diameter  is  in  the  range  2.88  - 
4.23,  depending  on  the  turbulence  level  and  turbulence- 
generation  mechanism  (Bons  et  al.  1994).  The  ratio  of 
momentum  thickness  to  hole  diameter  typically  is  0.05. 
The  film-cooling-hole  Reynolds  numbers  (Re)  are  10,000, 
20,000,  and  40,000.  The  ratio  of  micro  scale  to  film-hole 
diameter  is  in  the  range  0. 1  -  0.39.  The  ratio  of  temperature 
or  density  of  the  film  flow  to  the  primary  flow  is  typically 
in  the  range  1.07  -  1.09.  The  variation  in  blowing  ratios  (R 
=  0.7  -  1.5)  is  achieved  effectively  by  varying  the  velocity 
ratio  of  the  film-flow  to  the  primary-flow  velocity. 

2.2  Two-Color  PIV  System 

The  two-color  PIV  system  uses  color  for  temporal 
marking  of  the  seed  particles  in  the  flow  field.  The  green 
(532-nm)  laser  output  from  a  frequency-doubled  Nd:YAG 
laser  and  the  red  (640-nm)  laser  output  from  a  Nd:YAG- 
pumped  dye  laser  (DCM  dye)  are  combined  by  a  dichroic 
beam  splitter  and  directed  through  sheet-forming  optics. 
The  laser-sheet  energy  is  typically  20  mJ/pulse,  with  a 
thickness  of  <  1  mm  at  the  test  section.  The  temporal  delay 
between  the  two  lasers  is  a  function  of  gas  velocity,  optical 
magnification,  and  interrogation  spot  size.  In  the  present 


2.  EXPERIMENTAL  SETUP  AND  PROCEDURES 
2.1  Facility  Description 

The  open-loop  film-cooling  wind  tunnel,  as  shown 
in  Figure  1,  has  been  described  in  detail  by  Bons  et  al. 
(1994,  1995).  The  main  flow  passes  through  a  conditioning 
plenum  containing  perforated  plates,  honeycomb,  screens, 
and  a  circular-to-rectangular  transition  nozzle.  Downstream 
of  the  transition  nozzle,  at  the  location  of  the  film-cooling 
station,  low  freestream  turbulence  levels  of  0.7%  (±  0.05) 
can  be  achieved,  with  velocity  and  temperature  profiles 
being  uniform  to  within  1%  at  the  film-cooling  station. 
High  freestream  turbulence  levels  up  to  17%  can  be  achieved 
at  the  film-cooling  station.  A  single  row  of  1.905-cm  film¬ 
cooling  holes  at  an  injection  angle  of  35  deg  to  the  primary 
flow  is  investigated.  The  length-to-diameter  ratio  of  the 


0.64  cm 


Fig.  1  Schematic  diagram  of  experimental  setup,  (a)  side 
view,  (b)  top  view. 


18.2.2. 


experiments,  the  time  delay  between  the  two  color  lasers  is 
set  at  10  M-sec  for  flows  at  Re  =  40,000. 

The  film-cooling  flow  is  seeded  with  sub-micron  size 
particles,  and  the  Mie  scattering  from  the  seed  particles  is 
recorded  on  a  Kodak  DCS  460  CCD  array.  This  CCD  sensor 
has  a  resolution  of  3060  x  2036  pixels,  and  each  pixel  is  9 
pm  square.  The  CCD  camera  has  a  built-in  12-bit  analog-to- 
digital  converter  for  increased  dynamic  range  and  a  frame 
rate  of  1  frame/sec.  It  also  features  a  PC-MCIA  storage  drive 
which  delivers  about  26  exposures,  with  each  PIV  image 
occupying  -  18  Mbytes.  A  105-mm  micro  lens  with  an  f- 
number  5.6  is  used  to  record  the  images. 

The  color  response  of  the  DCS  460  CCD  array  is 
accomplished  by  overlaying  the  individual  pixels  of  the 
camera  with  a  series  of  red,  green,  and  blue  color  filters.  The 
green-  and  red-laser  outputs  are  situated  near  the  peak  of  the 
transmission  of  the  green  and  red  camera  filters,  respec¬ 
tively.  Because  the  camera  was  built  to  respond,  in  part,  as  a 
human  eye  to  color,  most  of  the  pixels  are  green-sensitive. 
The  relative  percentages  of  green,  blue,  and  red  pixels  are 
50%,  25%,  and  25%  respectively.  The  distribution  of  the  red 
and  blue  pixels  is  random  for  minimizing  straight-edge 
effects.  The  output  from  the  camera  controller  to  the  com¬ 
puter  is  a  24-bit  RGB  tiff  image;  thus,  the  12-bit  ADC 
camera  output  must  be  mapped  into  three  8-bit  colors,  each 
having  a  spatial  resolution  equivalent  to  the  chip  size  (3060 
X  2036).  This  is  accomplished  through  proprietary  software 
developed  by  Kodak  which  involves  interpolation  to 
increase  the  spatial  resolution  of  the  camera.  Because  of  the 
proprietary  naUire  of  this  interpolation  software,  it  was  not 
known  whether  the  resulting  resolution  of  the  color  camera 
would  be  sufficient  for  accurate  PIV  measurements.  This 
Study  was  also  directed  toward  evaluation  and  demonstration 
of  the  use  of  the  Kodak  color  CCD  camera  for  PIV  studies. 

2.3  Data  Analysis 

Once  the  PfV  image  has  been  captured  and  digitized, 
the  velocity  field  is  obtained  using  a  cross-correlation  tech¬ 
nique.  To  improve  the  analysis  of  the  seeded  flow  field,  the 
output  of  the  linear  camera  was  convolved  with  a  logarithm¬ 
like  function  prior  to  cross-correlation  analysis.  The  pres¬ 
ent  cross-correlation  technique  is  based  on  intensity  maps 
of  the  red  and  green  images  of  the  scattered  light. 

Consider  the  intensity  distributions  of  the  red  and 
green  images  r(x,y)  and  g(x,y)  and  their  corresponding 
Fourier  transforms  R(a,P)  and  G(a.p).  The  two-dimensional 
cross-correlation  function 

h(x,y)  =  I R  Ir  r(a,P)  g(x+a.y-i-p)  da  dP 
=  f'  [F(r(x.y))  F(g’(x,y))] 

=  f' [R{a,p)  G’(a,p)]  (D 

is  employed  to  determine  the  magnitude  and  direction  of  the 
average  velocity  over  the  interrogation  area.  (Note  that 
unlike  in  processing  methodologies  that  are  based  on 
autocorrelation,  the  direction  of  the  velocity  vectors  is 
uniquely  determined.) 


The  correlation  function  is  calculated  over  small 
segments  (interrogation  domains)  of  the  PFV  image.  The 
dimensions  of  each  interrogation  domain  are  dependent  on 
particle  density,  estimated  local  velocity  gradients,  particle- 
image  size,  and  desired  spatial  resolution.  The  maximum 
displacement  of  each  particle  must  be  less  than  one-half  the 
interrogation  spot.  In  the  present  experiments,  the  interro¬ 
gation  domain  measured  64  x  64  pixels,  corresponding  to  2 
X  2  mm  in  the  measured  flow.  For  enhancing  the  overall 
resolution,  the  interrogation  domains  are  overlapped  by 
one-half  the  domain  size.  The  peak  of  the  correlation  map 
corresponds  to  the  average  velocity  displacement  within  the 
interrogation  spot.  An  intensity-weighted  peak-searching 
routine  is  used  to  determine  the  exact  location  of  the  peak  to 
sub-pixel  accuracy.  The  number  of  particle  pairs  normally 
necessary  to  ensure  a  desirable  signal-to-noise  ratio  is 
reduced  to  four  or  five  pairs  when  the  cross-correlation 
analysis  is  employed. 

2.4  Uncertainty  Analysis 

The  experimental  uncertainties  are  calculated  based 
on  knowledge  of  the  instrumentation  used  and  a  simple  root- 
mean-square  error  analysis  (Kline  and  McClintock  1953). 
This  method  assumes  that  contributions  to  uncertainties 
arise  mainly  from  unbiased  and  random  sources.  Uncertainty 
in  the  velocity  measurement  arises  from  the  time  required  to 
keep  the  large  out-of-plane  velocities  and  fluctuating  com¬ 
ponents  within  the  laser  sheet  during  both  pulses.  The 
resulting  number  of  pixels,  typically  10,  of  displacement 
and  the  sub-pixel  resolution  of  0.1  pixels  then  dictate  the 
uncertainty  of  ±  1%.  The  spatial  resolution  in  the  data  pre¬ 
sented  is  4  mm.  The  data  are  acquired  at  a  resolution  of  2.0 
mm  using  32  pixels/mm  for  a  spatial-resolution  accuracy  of 
-  0.3%. 


3.  RESULTS  AND  DISCUSSION 
3.1  Calibration  of  the  System 

For  testing  the  ability  of  the  color  CCD  camera  to 
capture  images  of  sufficient  quality  for  PIV  analysis  and  for 
demonstrating  the  directional  resolving  ability  of  the 
two-color  PIV  system,  “calibration”  displacements  were 
obtained  by  recording  the  speckle  patterns  from  a  sand¬ 
blasted  surface  undergoing  uniform  translation  and  rotation. 
The  output  from  the  green  and  red  lasers  was  sent  unexpanded 
onto  a  scattering  plate  which  diffusely  scattered  the  light 
onto  the  sand-blasted  surface.  In  the  case  of  uniform  transla¬ 
tion.  the  displacements  for  each  translation  were  generated 
by  recording  the  single-exposed  digital  image  (green  at  the 
initial  position  and  red  after  a  small  translation)  and  then 
numerically  adding  the  two  images.  Extreme  care  was  taken 
to  prevent  any  movement  of  the  camera  or  the  stage  between 
exposures.  Cross-correlation  analysis  was  ■  employed  to 
process  these  images  using  a  64  x  64  pixel  interrogation 
size.  The  processed  translation  data  which  contain  about 
6000  vectors  showed  uniform  displacements  throughout  the 
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interrogation  region,  and  the  rms  value  of  the  translational 
horizontal  component  was  found  to  be  0.01 1  mm.  The  dis¬ 
placements  for  the  uniform  rotational  case  were  generated  by 
spinning  the  wheel  and  exposing  the  speckle  pattern  from 
both  green  and  red  lasers  on  the  same  frame.  Figure  2(a) 
shows  a  typical  speckle  pattern  of  the  rotational  image,  and 
Figure  2(b)  shows  the  velocity  data  which  clearly  indicate 
the  ability  of  the  two-color  approach  to  resolve  the  direc¬ 
tional  ambiguity.  In  order  to  compare  results  obtained  with 
the  color  CCD  sensor  and  film,  a  line  passing  through  the 


(a) 


(b) 

Fig.  2  Rotational  data  showing  the  direction-resolving 
capability  of  the  D2CPIV  technique,  (a)  speckle 
pattern,  (b)  velocity  field 


center  of  rotation  with  zero  horizontal  displacement  was 
examined.  Because  the  tangential  velocity  of  a  rigid  body 
undergoing  rotation  varies  directly  with  the  radial  distance 
from  its  center  and  its  rotational  speed,  a  simple  deter¬ 
ministic  relationship  exists  between  the  actual  and  measured 
velocities.  Velocity  measurements  were  obtained  using  both 
the  color  CCD  sensor  and  color  film  (400  ASA)  under  identi¬ 
cal  conditions  such  as  magnification,  recording  lens,  aper¬ 
ture,  and  rotational  speed.  The  film  image  was  digitized  at  a 
resolution  of  2700  pixels/in.,  yielding  an  image  size  of 
-  3000  X  2000  pixels. 

These  images  were  interrogated  using  spot  sizes 
ranging  ft-om  32  x  32  to  256  x  256  pixels.  Figure  3  shows  a 
comparison  of  the  actual  and  measured  velocities  for  both 
film  and  CCD  sensor,  with  the  images  being  processed  using 
a  128  X  128  spot  size.  This  shows  that  the  data  obtained 
using  the  high-resolution  CCD  sensor  are  very  comparable 
to  the  film  data.  The  proprietary  interpolation  software 
developed  by  Kodak  appears  to  be  effective  in  maintaining 
equal  red,  green,  and  blue  pixel  spatial  resolution,  even 
though  the  color  pixels  are  not  distributed  equally  through 
the  color  CCD  sensor. 

3.2  Application  to  Simulated  Turbine 
Film-Cooling  Flows 

For  further  demonstrating  the  ability  of  the  system  to 
capture  the  complex  flow  features  in  quantitative  form, 
simulated  turbine  film-cooling  flows  were  considered.  These 
flows  occur  in  a  very  hostile,  unsteady  environment  where 
velocity  and  temperature  disturbances  exceed  20%.  The 
freestream  and  film-cooling  wall  conditions  in  these  flows 
exceed  those  encountered  in  a  classical,  fully  turbulent 
boundary  layer.  Accurate  modeling  of  these  flows  has 
proved  to  be  difficult  due  to  the  high-level  unsteadiness. 
These  flows  have  been  investigated  by  Gogineni  et  al. 


Fig.  3  Comparison  of  film  and  CCD  data 
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(1995,  1996)  using  the  conventional  two-color  PFV  tech¬ 
nique  for  Re  =  20,000,  with  R  varying  from  0.5  to  1.5  and 
Tu  from  1  to  17%.  It  was  shown  that  turbulence  clearly 
increases  the  film  spread  for  R  =  0.7.  It  was  also  observed 
that  a  linear  relationship  exists  between  the  jet-exit  slopes 
and  both  Tu  and  R  for  R  <  1.0. 

In  the  present  study  PIV  measurements  were  made 
using  a  CCD  sensor  for  Re  =  10,000,  20,000,  and  40,000  at 
freestream  Tu  levels  of  1  and  17%  by  varying  R  from  0.7  to 
1 .5.  These  flow  conditions  were  selected  to  understand  the 
influence  of  high  Reynolds  number  and  high  freestream 
turbulence  on  film-cooling  effectiveness.  Since  the  instan¬ 
taneous  realizations  are  not  representative  of  mean  flow 
behavior,  10  images  were  recorded  for  each  condition.  Fig¬ 
ures  4(a)  -  4(c)  show  typical  double-exposed,  two-color  PIV 
images  for  R  =  0.7  and  Tu  =  1%  as  Re  is  varied  from  10,()00 
to  40,000.  In  these  photographs,  only  the  film-cooling 
flow  is  seeded  with  sub-micron  size  particles.  When  Re  is 
increased,  the  shear-layer  frequency  over  the  film  hole 
increases  dramatically.  The  dominance  of  the  film  hole  in 
setting  the  shear  layer  frequency  over  the  film  hole  is 
reduced  to  0.75  of  the  film  hole  diameter  as  Re  is  increased 
to  40,000.  In  all  three  photographs,  a  second,  parallel 
shear  layer  is  detected  in  the  leading-edge  exit  region.  This 
can  be  associated  with  separation  from  the  inside  entrance 
lip  of  the  film-cooling  hole.  The  shear-layer  roll  up  is 
observed  to  be  opposite  that  which  would  be  expected  for 
R  =  0.7.  The  observed  roll  up  results  from  the  film  tube 
boundary  layer  and  a  lack  of  seeding  in  the  freestream.  Fig¬ 
ures  4(d)  -  4(0  show  the  corresponding  instantaneous 
velocity  distributions.  For  clarity  purposes,  only  a  few  of 
the  measured  vectors  are  shown  in  each  frame. 

Figures  5(a)  -  5(c)  show  the  PIV  images  when  R  is 
increased  to  1.5  and  Tu  to  17%.  At  R  =  1.5,  the  scale  of  the 
shear  layer  after  the  film-cooling  hole  increases  or  the  fre¬ 
quency  decreases  as  compared  to  R  =  0.7  in  Figure  4.  Figures 
5(d)  -  5(0  show  the  corresponding  instantaneous  velocity 
dis-tributions.  The  CCD  digitization  allowed  near-real-fime 
optimization  of  the  seeding  and  laser-sheet  intensities 
which  resulted  in  higher  valid  vector  density  and  shear-layer 
resolution. 


4.  CONCLUSIONS 

A  new  implementation  of  the  two-color  PFV  tech¬ 
nique  is  described  where  conventional  color  film  is  replaced 
with  a  high-resolution  color  CCD  sensor.  The  proprietary 
interpolation  software  developed  by  Kodak  is  effective  in 
maintaining  equal  red,  green,  and  blue  pixel  spatial  reso¬ 
lution.  even  though  the  pixels  are  not  equally  distributed.  It 
was  determined  that  optimum  results  in  seeded  flow  fields  are 
obtained  by  applying  a  logarithm-like  function  to  the  cam¬ 
era  image  prior  to  cross-correlation  analysis.  Tests  on  a 
rotating  wheel  showed  the  directional-resolving  capabilities 
of  the  two-color  approach,  and  the  system  was  successfully 
applied  under  simulated  turbine-flow  conditions.  The  CCD 


sensor  contributed  significant  improvement  to  the  optimi¬ 
zation  of  seeding  and  laser-sheet  intensities  for  the  simu¬ 
lated  turbine  high  freestream  flows. 
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ABSTRACT 

Development  of  a  stereoscopic  particle  image 
velocimeter  for  the  measurement  of  three-dimensiond 
vectors  on  a  planar  domain  is  described.  The  camera  is 
based  on  two  high-resolution  video  cameras. 
Experiments  in  a  turbulent  boundary  layer  at  Rbq  =  2525 
demonstrate  its  applicability  to  the  measurement  of 
three-dimensional  turbulent  flow.  In  addition  to  the 
quantitative  value  of  the  out-of-plane  component,  it  is 
found  that  having  the  complete  three-dimensional  vector 
also  significantly  improves  the  qualitative  visualization 
of  the  flow. 

1.  INTRODUCTION 

The  extension  of  particle  image  velocimetry  to 
measurement  of  three-dimensional  velocity  vector  fields 
is  both  desirable  and  achievable.  Hinsch  (1995)  reviews 
many  of  the  techniques  used  for  three-dimensional 
measurements.  In  general,  there  are  two  classes  of 
measurement  techniques:  those  which  measure  ttoee- 
dimensional  velocity  vectors  on  full  three-dimensional 
domains,  i.e.  volumes,  and  those  that  measure  three- 
dimensional  vectors  on  planar  domains,  i.e.  light 
sheets.  Three-dimensional  volumetric  measurements  can 
be  performed  by  using  holographic  techmques  (Barnhart 
et  at.,  1994,  Meng  and  Hussain,  1995),  by  using 
photogrammetric  particle  tracking  techniques  (Maas  et  al 
1993,  Brodkey  1977,  Nishino  et  al  1991),  or  by 
scanning  laser  light  sheets  rapidly  (Brucker  1995). 
Photogrammetric  methods  use  three  or  four  cameras  to 
view  particles  from  several  different  directions. 
Voltimetric  measurements  are  in  general  difficult  and 
require  equipment  that  is  rather  different  than  the  standard 
planar  PIV  equipment  using  a  laser  light  sheet  and  a 
single  camera.  Holographic  systems  require  a  unique  set 
of  techniques  and  apparatus,  and  three-dimensional 
particle  tracking  systems  involve  multiple  cameras  and 
specialized  software,  plus  they  place  demands  on  the 
optical  access  required  to  view  the  flow  field.  However, 
the  most  demanding  aspect  of  volumetric  measurements 
is  the  sheer  number  of  velocity  vectors  that  are  obtained 
from  the  measurements.  A  modest  100x100x100 
velocity  grid  measurement  yields  one  million  vectors, 
and  if  these  measurements  are  to  be  repeated  hundreds  or 
even  thousands  of  times  for  the  purpose  of  statistical 
averaging,  the  amount  of  data  is  overwhelming.  Thus, 
while  volumetric  measurements  can  be  extraordinarily 
valuable  for  studying  instantaneous  flow  field  structures. 
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they  are  often  too  rich  in  data  to  be  used  on  a  routine 
basis  with  present  equipment 

An  intermediate  approach  to  three-dimensional 
measurements  with  PIV  is  to  perform  measurement  of  a 
three-dimensional  velocity  field  on  a  planar  domain.  In 
this  way,  the  number  of  vectors  is  the  same  as  in 
ordinary  two-dimensional  planar  PIV,  but  the  third 
component  contributes  significantly  to  the 
experimenter’s  capability  to  visualize  the  flow,  and  the 
third  component  is  valuable  for  the  purposes  of 
quantitative  analysis  of  the  flow.  Further,  full 
measurement  of  the  three-dimensional  vectors  eliminates 
the  perspective  error  that  is  inherent  in  monocular  PIV 
systems  (Adrian  1991,  Prasad  and  Adrian  1993).  This 
error  can  be  quite  significant  if  the  flow  has  significant 
out-of-plane  velocity  component  and  the  angular  field- 
of-view  is  not  small. 

Systems  operating  with  this  capability  can  be 
designed  using  various  aspects  of  image  correlation 
(Robinson  and  Rockwell  1993),  or  the  change  in  image 
magnification  (Willert  and  Ghanb  1992).  However,  the 
most  common  technique  is  the  well-known  stereoscopic 
method  whereby  one  obtains  a  pair  of  images,  each 
image  viewing  the  particles  in  the  illuminated  light 
sheet  plane  from  a  different  direction.  Displacements  of 
the  particle  images  in  the  two  different  views  differ 
because  of  the  different  viewing  angles,  and 
measurements  of  these  displacements  can  be  used  to 
solve  for  the  full  three-dimensional  displacement  of 
particles.  This  technique  can  be  jq)plied  to  individual 
particles,  as  in  particle  tracking  systems,  or  it  cm  be 
applied  to  correlation  technique  for  groups  of  particles. 
The  correlation  approach  is  desirable  because  three- 
dimensional  velocity  vectors  can  also  be  obtained  on 
uniform  grids,  and  the  problem  of  matching  individual 
pairs  is  solved  automatically  accounted.  The  limitation 
of  this  technique  is  that  to  assure  good  measurements  of 
the  out-of-plane  component  of  velocity,  the  viewing 
angip.s  between  the  stereo  lenses  must  be  substantial,  of 
the  order  of  thirty  degrees,  and  the  time  between 
exposures  of  the  images  must  be  small  enough  that  the 
particles  remain  within  the  thickness  of  the  light  sheet. 
These  requirements  have  been  explored  amply  and  shown 
to  be  achievable  and  not  inconvenient  in  practice  (Troy 
1994). 

Stereographic  systems  of  conventional  form  have 
been  used  by  Arroyo  and  Created  (1991),  Prasad  and 
Adrian  (1993),  and  Troy  (1994).  These  experiments  each 
used  two  photographic  recordings,  interrogated  the 
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recordings  to  obtain  displacements  and  then  solved  the 
stereo  equations  to  obtain  three-dimensional  velocity 
vectors.  The  difficulty  with  using  photographic  film  is 
the  problem  of  registering  the  two  pieces  of  film  with 
respect  to  each  other  so  that  measurements  of 
displacements  locations  in  the  first  image  can  be 
identified  precisely  with  locations  in  the  second.  This 
problem  must  be  faced  for  each  pair  of  photographic 
exposures  that  are  taken  in  a  stereo-photographic 
system.  The  registration  process  is  more  laborious  and 
time  consuming  than  developing  the  film  itself,  and  it 
places  a  fundamental  constraint  on  the  utility  of  this 
method. 

To  make  feasible  extensive  quantitative  analysis  of 
three-dimensional  vector  fields,  it  is  necessary  to  makef 
the  image  acquisition  analysis  process  easy  enough  and 
fast  enough  to  permit  thousands  of  images  to  be  taken 
for  averaging  purposes.  To  this  end,  the  photographic 
recording  must  be  eliminated,  and  replaced  by 
videographic  recording.  Video  cameras  in  a  stereo 
system  can  be  registered  during  the  construction  of  the 
stereo  camera  and  by  this  means  they  can  be  aligned  once 
and  for  all,  thereby  eliminating  all  future  efforts  at 
registering  the  two  images.  The  registration  can  be 
accomplished  both  by  means  of  mechanical  alignment 
during  construction,  and  by  electronic  image  processing 
alignment  during  the  experimental  stage.  The  electronic 
alignment  is  necessary  in  situations  where  an  aberrating 
medium  is  placed  between  the  object  plane  and  the 
cameras,  because  the  registration  that  was  originally 
achieved  in  the  construction  of  the  camera  is  distorted  by 
the  medium.  In  this  case,  a  calibration  procedure  can  be 
used  to  correct  for  aberrations,  provided  they  are  not  so 
severe  as  to  completely  destroy  the  images  of  the 
individual  particles. 

In  this  paper,  the  design  and  construction  of  a 
stereographic  camera  based  on  video  recording  is 
described,  and  some  of  the  procedures  used  in  the 
aberration  calibration  and  correction  process  are 
explained.  The  system  is  applied  to  the  visualization  of 
three-dimensional  vector  field  structure  in  a  low 
Reynolds  number  turbulent  boundary  layer. 

2,  STEREOSCOPIC  PIV  SYSTEM 

The  stereoscopic  camera  is  shown  schematically  in 
Rg.  1.  The  camera  lenses  L]  and  Z, 2  lie  in  a  plane 
parallel  to  the  object  plane  defined  by  the  laser  light 
sheet.  They  are  offset  laterally  by  d^j  and  4^,2* 
respectively.  Since  the  camera  arrays  also  lie  in  a  plane 
parallel  to  the  object  plane,  the  magnification  of  each 
lens  is  constant,  equal  to 

Mo=difdo,  (1) 

where  dj  and  do  are  the  image  and  object  distances, 
respectively.  Within  the  angular  field  indicated  by  the 
solid  lines  each  lens  images  point  objects  with 
resolution  and  distortion  that  are  within  the 
specification  of  the  lens.  In  the  object  plane  the  size  of 
the  region  that  can  be  imaged  with  good  resolution  by 
both  lenses,  the  'joint  field',  is  determined  by  the 
intersection  of  the  respective  angular  fields.  The  lateral 
offsets  dL]  and  d[^2  chosen  to  be  the  largest  values 


that  still  permit  the  angular  fields  to  overlap  over  the 
desired  region  in  the  object  plane,  i.e.  to  make  the  joint 
field  as  large  as  possible  while  still  keeping  the  angle 
between  the  lenses  large  enough  to  achieve  small 
measurement  error  for  the  z-component  of  velocity. 
Nominally,  di^i  and  d£,2  are  equal,  and  the  angle 
between  the  axes  of  the  two  lenses  is  24.4  degrees. 
According  to  Prasad  and  Adrian  (1993)  die  error  in  the  z- 
component  of  velocity  is  about  twice  the  error  in  the  in¬ 
plane  components  of  velocity  when  the  angle  between 
the  axes  of  the  lenses  exceeds  30  degrees. 

The  field  of  view  of  each  CCD  array  is  sinqily  the 
area  of  the  array  mapped  onto  the  object  plane.  As  in 
Prasad  and  Adrian  (1^3)  and  Troy  (1994),  offsetting  the 
cameras  laterally  in  the  image  plane  overlaps  their 
respective  fields  of  view.  Each  camera  sees  nearly  the 
same  region  in  the  flow,  thereby  maximizing  the  size  of 
the  joint  field  of  view.  This  design  is  relatively  simple 
to  layout,  but  care  must  be  taken  to  ensure  that  tolerances 
in  the  focal  lengths  of  the  lenses  and  in  the  orientations 
of  the  individual  elements  of  the  system  are  taken  into 
account,  either  mechanically,  or  by  careful  calibratioiu 

The  joint  field  of  view  increases  by  more  than  a 
factor  of  two  if  the  lenses  are  tilted  towards  each  other  so 
as  to  completely  overlay  their  angular  fields.  This 
method,  called  'angular  di^lacement',  has  been  discussed 
by  Gauthier  and  Rieihmuller  (1988)  and  more  recently  by 
Rasad  and  Jensen  (1996).  Its  principle  advantage  is  the 
larger  joint  field  of  view,  and  its  principal  disadvantage 
is  the  more  complicated  alignment  that  is  needed,  which 
also  involves  using  magnification  that  varies  across  the 
field  of  view.  Only  the  simpler  lateral  offset  method  will 
be  considered  here,  althou^  angular  offset  can  be  easily 
accommodated  by  the  present  camera. 
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Figure  1.  Schematic  of  the  stereoscopic  camera. 


18.3.2. 


The  camera  uses  two  Kodak  Megaplus  4.2  CCD 
video  cameras,  each  wilh  2029  x  2044-  pixels  resolution. 
Since  the  camera  is  intended  to  image  a  100-300  mm 
field  of  view  in  the  flow,  and  the  CCD  chip  dimension  is 
only  18  mm,  the  magnification  of  the  system  is 
substantially  less  than  unity.  M  =  0.23  for  the  present 
system.  Two  Nikon  EL-Nikkor  302.5  mm  F/5.6 
i^iargiTig  lenses  that  are  optimized  for  normal  operation 
at  large  magnification  are  ultilized  to  provide  the 
^jpropriate  small  magnification  with  little  aberration, 
minimal  distortion  and  large  aperture  (  53.6  mm).  The 
angular  field  of  view  of  this  lens  is  57  degrees.  Images 
are  normally  acquired  at  F/9.  The  video  cameras  and  two 
lenses  are  mounted  on  a  3-D  translation  stage.  The  stage 
provides  the  six  degrees  of  freedom  needed  to  position 
and  focus  the  cameras  and  to  accurately  register  them 
with  respect  to  each  other.  For  the  wind  tunnel 
experiments.  Do  =1617  mm  and  dj=  SlTxnm. 

The  rest  of  the  stereoscopic  system  is  shown  in 
Fig.  2.  Llummation  of  the  flow  field  is  provided  by  two 
Continuum  Lasers  Nd:YAG  lasers  with  a  waveleng*  of 
532  nm  at  puke  frequency  of  10  Hz.  Each  laser  delivers 
up  to  200  mJ/puke  of  energy  with  a  puke  duration  of  8 
nsec.  The  laser  beam  is  formed  into  a  sheet  of  about  1 
mm  thickness  in  the  test  section.  To  resolve  directional 
ambiguity,  image  shifting  is  normally  needed.  However 
image  shifting  was  not  used  for  the  present 
measurements  because  of  the  strong  mean  flow  in 
comparison  with  the  turbulence  intensity  in  the 
boundary  layer.  If  directional  ambiguity  were  a  problem 
the  cameras  could  be  replaced  by  Ik  x  Ik  cross- 
correlating  camera.  Timing  for  the  sequence  of  laser 
pukes  and  die  image  capture  with  the  cameras  k  provided 
by  a  TSI,  Inc.  Laser  Pulse  synchronizer  box. 
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Figure  2.  Stereoscopic  system. 


AX  I  and  AX 2  that  are  functions  of  the  camera 
coordinates,  Xj  and  X2-  The  vectors  in  diese  fields  are 
tested  for  validity  using  procedures  described  by 
Meinhart,  et  al.  (1996),  and  invalid  vectors  are  either 
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Figure  3.  Image  analysk  procedure. 


3.  IMAGE  ANALYSIS 

The  image  analysis  procedure  k  described  in  Fig.  3. 
The  capture  and  analysk  of  images  is  controlled  by 
INSIGHT,  a  Windows-based  software  package  supplied 
by  TSI,  Inc.  The  software  controls  the  simultan^us 
image  capture  by  the  video  cameras.  Image  analysk  to 
determine  the  velocity  vectors  on  each  image  plane  k 
performed  by  the  autocorrelation  technique.  The  outcome 
determine  the  velocity  vectors  on  each  image  plane  k 
performed  by  the  autocorrelation  technique.  The  outcome 
of  the  analysis  k  a  pair  of  displacement  vector  fields. 


replaced  by  second  or  third  choice  vectors  from  the 
autocorrelation  interrogation,  replaced  by  inteti»lated 
values,  or  simply  removed.  Typically  the  fraction  of 
invalid  vectors  k  less  than  2%.  Corrections  for  the  mk- 
registration  of  the  images,  and  the  variation  of  the 
magnification  factors  are  all  performed  in  a  post¬ 
processing  package.  Effectively,  this  step  maps  the 
displacement  vectors  from  a  grid  in  each  of  the  CCD 
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array  image  planes  onto  a  common  grid  in  the  object 
plane.  This  step  is  necessary  in  general  if  there  is  any 
distorting  medium  between  the  object  plane  and  the 
camera,  such  as  a  water-air  interface  (Prasad  and  Adrian 
1993).  In  the  present  experiment  the  6.35  mm  thick 
glass  windows  of  the  wind  tunnel  cause  the  images  to  be 
displaced  laterally  by  0.55  mm.  Since  this  shift  is  nearly 
constant,  it  is  most  easily  accounted  for  by  mechanic^ 
alignment  in  the  initial  layout  of  the  cameras.  In  more 
general  cases  of  nonlinear  distortion  it  is  better  to 
calibrate  the  distortion  and  correct  for  it  in  software.  The 
procedures  for  doing  this  will  be  discussed  elsewhere. 
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shown  that  the  volume  averaged  displacements  are  given 
by 
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Lastly,  the  stereoscopic  equations  are  applied  to 
compute  the  third-component  of  the  velocity  vectors. 
For  the  ideal  camera  system  shown  in  Fig.  1  the  image  of 

a  point  particle  at  x  is  mapped  by  lens  £  onto  a  location 
T}£  in  the  -plane  on  camera  £  given  by 

-77l  =  +  ^Ll)x  +  yy\  (2a) 

-Vl  =  ~  ^L2  )x  +  yy]  (2b) 

do  ~  z 

where  carats  denote  unit  vectors.  Three-dimensional 
displacement  of  the  particle  by  an  amount  Ax  results  in 
two-dimensional  displacements  A7]£  that  are  found  by 
taking  the  increment  of  (2).  The  result  depends  on  the  z- 
location  of  the  particle  at  die  time  of  the  first  exposure. 
However,  PIV  correlation  analysis  gives  an  estimate  of 
the  volume  average  of  the  diqilacements  of  the  particles 
that  lie  in  the  measurement  volume  defined  by  the 
thickness  of  the  light  sheet  and  the  area  of  the 
interrogation  spot  By  integrating  the  equation  for  the 
image  displacement  over  such  a  volume  and  by  making 
use  of  the  normally  large  ratio  of  the  object  distance  to 
die  light  sheet  thickness,  Prasad  and  Adrian  (1993)  have 
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Figure  4.  Image  displacement  fields  due  to  a  pure  out- 
of-plane  translation,  (a)  Camera  1,  — (b) 

Camera2,  — 77j{X2);  (c)  Three-dimensional  displacement 

field,  Ax(X). 
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Given  the  two  two-dimensional  vector 
displacements  Arii,ATJ2  three  of  the  equations  in  (3) 
can  be  solved  for  Ax,  Ay,  Az ,  and  the  fourth  can  be  used 
to  obtain  a  second  estimate  of  Ay.  Alternatively,  the 
two  Ay -equations  can  be  added  together  to  obtain  a 
slightly  more  robust  equation.  The  three-dimensional 
velocity  vector  is,  of  course,  found  by  dividing  three 
dimensional  displacement  by  the  time  between 
exposures. 

Figure  4a  and  4b  show  the  displacement  fields  that 
result  on  cameras  1  and  2,  respectively  when  the  object 
field  undergoes  a  pure,  uniform  displacement  in  the  z- 
diiection.  Solving  equation  (3)  for  the  three-dimensional 
particle  displacement  yields  the  field  shown  in  Fig.  4c. 

4.  TURBULENT  BOUNDARY  LAYER 
MEASUREMENTS 

The  turbulent  boundary  layer  measurements  were 
performed  in  an  eiffel-type  low-turbulence  boundary 
layer  wind  tunnel  with  a  working  section  914  mm  wide  x 
457  mm  high  x  6.096  m  long.  The  free  stream  turbulence 
intensity  at  the  test  section  inlet  is  less  than  0.2%  for 
free  stream  velocities  less  than  10  m/sec.  The  turbulent 
boundary  layer  was  produced  on  a  flat  plate  placed  100 
mm  above  the  floor  of  the  test  section.  The  teund^ 
jayer  was  tripped  by  the  a  4.7  mm  diameter  wire  which 
spanned  the  boundary  layer  plate  just  downstream  of  the 
edge.  Optical  access  to  the  boundary  layer  was 
provided  from  the  side  by  float  glass  windows,  and  from 
below  by  610  mm  wide  x  2.748  m  long  float-glass 
windows.embedded  in  the  boundary  layer  plate.  The 
stereo  PFV  measurements  presented  here  were  performed 
at  a  free  stream  velocity  of  3.4  m/sec,  which  produced  a 
Reynolds  number  based  on  the  momentum  thickness  6  of 
Re 0=251  S  at  the  location  of  the  measurements.  All 
measurements  were  made  with  the  light  sheet  in  the  x-y 
plane  of  the  flow,  where  x  is  streamwise  and  y  is  normal 
to  the  walL 

Figure  5  shows  the  (u,v)  components  of  one 
realization  of  the  flow  field.  A  constant  convection 
velocity  of  3000  mm/s  has  been  subtracted  to  make  the 
fluctuations  more  visible.  The  edge  of  the  turbulent 
boundary  layer  lies  around  50  mm  above  the  wall  in  this 
realization.  As  observed  in  earlier  work,  there  is  an 
internal  layer  close  to  the  wall  that  grows  in  a  marniCT 
wmilaT  to  that  of  an  ordinary  boundary  layer.  This 
internal  layer,  seen  as  a  region  of  uniformly  low 
momentum  that  extends  from  the  wall  up  to  almut  20 
mm,  is  capped  by  a  collection  of  several  intense 
spanwise  vortices. 

The  w-component  of  velocity  is  shown  in  Figure  6 
by  plotting  its  contours  in  gray-level  form  .  It  is 
immediately  clear  that  the  values  of  the  w-component  are 
frequently  as  large  or  larger  than  the  other  components. 
There  is  a  tendency  for  the  w-contours  to  align  along  the 
same  30  degree  inclination  that  is  observed  in  the  it-v 
field.  There  is  also  a  tendency  for  the  sign  of  the  w- 
component  to  be  positive  on  one  side  of  a  30  degree  line 
and  negative  on  the  oflier,  indicating  a  large-scale 
rotation  about  an  inclined  axis.  The  strength  of  the  w- 
component  and  its  coherent  organization  shows  that  one 


must  be  very  cautious  in  interpreting  the  two- 
dimensional  fields  in  a  data  set  such  as  Figure  5. 


U»«,=3-4  m/s,  U^=3  m/s  u-U,=300  mm/s 


Figure  5.  Streamwise-wall  normal  vector  field  of  the 
turbulent  boundary  laver. 
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Figure  6.  Field  of  the  spanwise  turbulent  velocity 
superimposed  on  the  streamwise-wall  normal  field  from 

Fig.  5. 

The  three  dimensional  vectors  are  shown  in  end 
view,  i.e.  looking  at  the  x-y  plane  along  the  x-axis,  in 
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Figure  7a,  and  in  oblique  view  in  Figure  7b.  The  growth 
of  the  internal  low-momentum  layer  is  veiy  evident  in 
Figure  7b. 


Y 


U^„=3.4  m/s,  U^=3  m/s 


(a)  (b) 

Figure  7.  Three-dimensional  vectors  on  the  x-y  plane, 
(a)  end  view;  (b)  oblique  view. 

5,  SUMMARY 

Stereoscopic  PIV  corrects  for  perspective  error  as 
well  as  providing  the  out-of-plane  component.  It  requires 
a  special  camera,  but  otherwise  it  uses  essentially  the 
same  hardware  as  a  monocular  PIV.  Videographic 
recording  increases  the  ease  of  use  substantially  by 
eliminating  the  necessity  of  registering  photographic 
images.  The  present  system  has  been  used  to  measure 
thousands  of  frames  in  experiments  that  required  only  a 
few  days  to  set  up.  Although  the  video-based  PIV  system 
has  less  resolution  than  a  photographic  system,  it  is 
encouraging  that  it  is  still  able  to  resolve  many  of  the 
important  features  of  the  turbulent  boundary  layer  that 
have  only  recently  been  discovered  by  photographic 
PIV.  The  results  are  very  similar  to  those  obtained  by 
photographic  PIV.  Thus,  while  the  video  system  clearly 
has  a  role  to  play  in  the  acquisition  of  data  for  analysis 
by  statistical  averaging,  it  also  provides  enough 
resolution  to  be  of  considerable  value  in  visualizing  the 
flow. 
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1.  INTRODUCTION 

The  objective  of  the  work  described  in  this  paper  was 
to  develop  a  robust  optical  fibre  beam-delivery  system 
for  particle  image  velocimetry  (piv)  capable  of 
delivering  Q-switched  pulses  from  frequency-doubled 
Nd:YAG  lasers  with  pulse  energies  in  20  mJ  range. 
The  stimulus  for  the  work  was  the  requirement  to 
make  piv  measurements  in  an  industrial-scale 
combustion  test-rig,  where  optical  access  was  too 
limited  to  accommodate  bulk-optic  beam  delivery. 
Our  basic  requirement  was  to  measure  flow  velocities 
of  up  to  60  ms’l  in  a  region  of  dimensions 
approximately  0.1  x  0.1  m,  in  the  presence  of  high 
levels  of  unwanted  ambient  light  generated  by  the 
combustion  process.  The  maximum  tolerable  cross- 
sectional  diameter  of  the  light-sheet-forming  optics 
was  about  12  mm,  which  were  required  to  operate  at 
temperatures  >200  °C,  with  combustion  temperatures 
of  around  2  000  K. 

We  have  shown  previously  that  it  is  feasible  to  use 
optical  fibres  to  deliver  Q-switched  laser  pulses  for 
PIV  measurements  [Anderson  et  al,  1995].  However, 
to  accommodate  the  high  instantaneous  peak  powers 
of  the  laser  pulse  it  is  necessary  to  use  fibres  of  large 
core  diameter  in  order  to  reduce  the  power  density 
sufficiently  to  avoid  damaging  the  fibres.  An 
inevitable  consequence  of  the  large  core  diameter  is  a 
low  beam  quality,  which  in  turn  leads  to  relatively 
thick  laser  light  sheets  in  the  piv  system,  with 
consequently  reduced  energy  densities  and  poorer 
spatial  resolution.  A  compromise  exists:  larger  fibres 
allow  the  transmission  of  higher  pulse  energies,  but 
with  poorer  beam  quality. 

One  of  the  objectives  of  this  paper  is  therefore  to 
show  that  the  compromise  between  pulse  energy  and 
light  sheet  quality  can  be  improved  by  using  a  bundle 
of  fibres,  rather  than  a  single  fibre,  in  the  delivery 


system.  To  a  rough  approximation,  the  light  sheet 
quality  is  set  by  the  core  diameter  of  any  one  of  the 
fibres  used  in  the  bundle,  whereas  the  maximum  pulse 
energy  scales  with  the  number  of  fibres  in  the  bundle. 
Delivery  bundles  were  an  integral  design  concept  in 
the  piv  system  that  we  developed  and  successfully 
demonstrated  for  measurements  in  an  industrial 
combustion  test  rig. 

We  shall  first  discuss  the  fundamental  limitations 
that  apply  when  using  optical  fibres  for  the  delivery  of 
pulsed  laser  power,  indicating  the  increases  in  core 
size  necessary  to  accommodate  pulse  energies  typical 
of  PIV  requirements.  We  shall  accordingly 
demonstrate  the  difficulty  of  using  single  optical  fibres 
in  PIV  systems,  not  only  arising  from  limited  pulse 
energy  handling  capacity,  but  exacerbated  by  objective 
laser  speckle  induced  by  interference  between  light 
propagating  as  different  guided  modes  in  the  large 
core  diameter  multimode  fibre.  We  shall  then 
introduce  the  concept  of  fibre  bundles  for  beam 
delivery,  and  indicate  the  advantages  that  they  confer 
in  terms  of  shifting  the  energy-quality  compromise. 
We  shall  also  explain  techniques  available  for 
reducing  the  problem  of  speckle.  We  shall  illustrate 
our  discussions  by  describing  the  design  and 
performance  of  a  practical  fibre  delivery  system,  and 
outline  its  successful  application  in  combustion 
measurements. 


2.  OPTICAL  FEBRE  BEAM  DELIVERY 

Optical  fibres  are  now  very  well  established  as  a 
useful  technology  in  the  design  of  optical  systems  for 
many  types  of  laser  instrumentation  used  in  fluid 
mechanics,  exemplified  by  the  fibre  delivery  systems 
for  laser  anemometers  used  for  single-point 
measurements,  of  both  Doppler  difference  and  transit 
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typ)es.  Such  delivery  systems  are  now  commercially 
mature. 

Fibre  systems  were  developed  for  these  purposes 
for  their  now  accepted  advantages  of  flexibility  in 
design,  allowing  active  parts  of  the  measurement 
system  to  be  separated  from  an  optical  probe  deployed 
in  the  measurement  region  by  fibre  cables.  The 
general  requirement  is  the  ability  to  guide  cw  laser 
beams  to  form  small  laser  beam  waists  constituting 
the  measurement  volume.  For  this  purpose,  single¬ 
mode  optical  fibres  are  the  preferred  choice,  where  the 
small  core  diameter  (typically  5  pm  for  visible 
wavelengths)  gives  extremely  high  quality  delivered 
beams — ^the  ability  of  the  single-mode  fibre  to 
spatially  filter  the  input  beam  means  that  the 
delivered  beam  quality  is  often  higher  than  that  of  the 
laser  itself  Such  delivery  systems  are  used  to  deliver 
average  laser  powers  of  up  to  about  10  W,  at 
wavelengths  as  short  as  488  nm  (see  for  example 
Jackson  et  al  1984). 

Requirements  for  beam  delivery  in  Piv  are 
typically  very  different.  Here,  the  requirement  is  to 
produce  a  laser  light  sheet  (see,  e.g.,  Koga  et  al  1987), 
rather  than  a  tightly  focused  laser  'spot',  where  the 
need  for  temporal  resolution  dominates.  Two 
techniques  have  been  used  to  give  the  necessary 
temporal  resolution,  based  either  on  beam  scanning  or 
pulsed  laser  illumination.  In  the  first  technique,  a 
laser  beam  is  scanned  to  generate  an  illuminating 
sheet,  where  although  the  duration  of  the  laser 
illumination  is  long,  the  scanning  action  ensures  that 
any  given  point  in  the  sheet  is  illuminated  only 
briefly.  Scanning  systems  have  the  advantage  of 
allowing  relatively  inexpensive  and  easily  controlled 
modulated  cw  lasers  to  be  used,  with  low  peak 
powers.  Thus  delivery  systems  similar  to  those 
available  for  single-pomt  anemometers  are 
appropriate.  Scanning  systems  are  valuable  in  the 
investigations  of  relatively  low  speed  flows,  typically 
used  for  hydrodynamic  studies,  but  the  temporal 
resolution  is  inadequate  for  higher-speed  aerodynamic 
flows.  Furthermore,  the  requirement  for  beam 
scanning,  usually  achieved  mechanically,  mitigates 
against  the  development  of  robust  and  compact  light- 
sheet  forming  optics.  For  reasons  both  of  flow  speed 
and  practicality  of  probe  design,  scanning  techniques 
for  light  sheet  formation  were  imsuitable  for  our 
intended  application. 

Different  types  of  laser  system  have  been  used  to 
produce  pulsed  illumination  for  piv.  Simple  systems 
are  able  to  use  a  cw  laser,  which  is  gated  using  an 
external  modulator,  often  of  the  acousto-optic  type. 
Such  systems  can  give  only  limited  peak  power,  no 


higher  than  the  average  power  of  the  un-modulated 
laser.  However,  they  are  simple  to  design,  with 
undemanding  requirements  for  the  beam  delivery 
system,  and  are  appropriate  for  producing  light  sheets 
of  small  dimensions,  where  the  limited  pulse  energy 
can  still  give  adequate  energy  density  to  produce 
acceptable  piv  particle  images  provided  that  the  flow 
velocity  is  low. 

To  satisfy  the  light  sheet  dimensions  and  flow 
velocities  present  in  our  application,  as  defined  above, 
the  most  appropriate  type  of  laser  source  was  a  Q- 
switched  and  frequency-doubled  Nd:YAG  laser,  thus 
operating  at  a  wavelength  of  532  nm.  Such 
requirements  are  typical  in  piv  experiments  (see  for 
example  Kompenhans  and  Raffel,  1993).  We 
required  a  delivered  pulse  energy  of  about  20  mJ.  The 
pulse  duration  was  about  6  ns,  leading  to  an 
instantaneous  peak  power  of  about  3  MW,  which  may 
be  compared  with  the  power  levels  of  a  few  watts 
typically  present  in  a  single-point  laser  anemometer. 

2,1  Damage  mechanisms  in  optical  fibres 

It  is  useful  to  first  review  briefly  the  mechanisms  that 
limit  the  maximum  power  that  can  be  transmitted  by 
an  optical  fibre.  An  ultimate  limit  is  set  by  the 
dielectric  breakdown  of  the  materials  from  which  the 
fibre  is  fabricated.  Almost  all  fibres  are  made  from 
fused  silica,  doped  to  produce  the  refractive  index 
profiles  need  to  achieve  waveguiding.  The  damage 
threshold  for  fused  silica  for  1  ns  pulses  is  around 
1  kJ  cm'^.  However,  practical  fibres  fail  to  approach 
the  bulk  damage  threshold. 

In  very  high  average  power  fibre  delivery  systems, 
typical  of  those  encountered  in  industrial  material 
processing  applications,  power-induced  fibre  damage 
is  caused  by  thermal  processes;  light  escaping  from 
the  fibre  core  propagates  in  the  cladding  and  is 
absorbed  at  the  cladding-buffer  interface  where  it  is 
absorbed,  leading  to  an  excessive  rise  in  temperature 
and  consequent  damage. 

However,  in  pulse  power  delivery  applications, 
such  as  the  present  requirement  for  delivery  of  10  mJ 
pulses  at  a  repetition  rate  of  <100  Hz,  the  average 
power  is  much  too  low  for  thermal  damage 
mechanisms  to  be  relevant.  Instead,  the  power  is 
limited  by  the  onset  of  various  non-linear  effects; 
semi-permanent  photorefractive  effects;  non-linear 
scattering;  and  self-focusing. 

Photorefractive  effects  are  already  familiar  from 
experience  with  single-mode  optical  fibres  used  for 
cw  beam  delivery  in  single-point  laser  anemometers. 
In  the  early  development  of  fibre  delivery  systems  for 


18.4.2. 


argon  ion  lasers  with  powers  of  a  few  watts,  a  gradual 
deterioration  in  the  fibre  transmission  was  noted.  It  is 
now  well  understood  that  the  loss  of  performance 
resulted  from  semi-permanent  photorefractive  changes 
arising  from  the  interaction  of  the  laser  power  with  the 
germania  dopant  typically  used  to  raise  the  refractive 
index  of  the  core  of  the  fibre.  Such  effects  are  a 
strong  function  of  wavelength,  typically  observable  at 
power  densities  of  5  MW  cm’^.  Once  the  origin  of  the 
problem  had  been  recognised,  it  was  possible  to 
develop  single-mode  fibres  specifically  for  high- 
average  power  transmission  of  short-wavelength 
visible  light,  in  which  the  core  germania  dopant  was 
avoided.  Conversely,  the  ability  to  use  a  laser  to 
modify  the  refractive  index  of  a  fibre  core  has  been 
exploited  to  produce  refractive  index  gratings,  leading 
to  a  new  range  of  optical  fibre  components  with 
wavelength-selective  properties,  the  so-called  in-fibre 
Bragg  gratings. 

It  is  thus  straightforward  to  specify  pure  silica  core 
fibres  for  power  delivery,  avoiding  problems  of 
photorefractivity,  but  still  subject  to  the  effects  of 
stimulated  scattering  and  self-focusing.  Two 
stimulated  scattering  phenomena  are  possible: 
stimulated  Raman  scattering  and  stimulated  Brillouin 
scattering.  Typically,  the  Brillouin  threshold  is  lower, 
reducing  with  smaller  laser  linewidths  or  longer 
fibres,  and  observable  in  single-mode  fibres  with 
power  levels  as  small  as  milliwatts,  but  serious  only  at 
power  levels  of  watts. 

However,  in  our  experiments  we  determined  that 
self-focusing  was  the  phenomenon  most  seriously 
affecting  our  ability  to  deliver  high  pulse  energies. 
Self-focusing  is  a  non-linear  optical  phenomenon:  a 
change  in  refractive  index  roughly  proportional  to  the 
power  density  is  induced  by  the  laser  beam.  Hence,  in 
a  medium  where  a  beam  propagates  in  which  the 
power  density  is  greatest  at  the  centre  of  the  beam,  a 
refractive  index  profile  distribution  is  generated  with 
a  maximum  on  axis,  analogous  to  a  lens,  thus  causing 
the  beam  to  focus.  Self-focusing  becomes  significant 
in  fibres  with  core  diameters  of  200  pm  (suitable  for 
piv  delivery)  at  power  levels  as  low  as  100  kW. 

The  power  handling  capacity  limit  set  by  self- 
focusing  in  optical  fibres  may  be  understood  as 
follows.  When  power  is  coupled  into  an  optical  fibre, 
then  with  symmetrical  alignment  of  the  input  beam  to 
the  optical  axis  of  the  fibre,  the  power  density  is  a 
maximum  on  the  axis  of  the  fibre.  As  we  shall 
describe  below,  we  typically  coupled  power  into  fibres 
where  the  input  beam  was  conditioned  to  have  only  a 
weak  divergence.  Power  is  thus  coupled  preferentially 
into  meridional  modes  of  the  fibre  (Su  et  al,  1992), 


sharpening  the  axial  intensity  maximum.  At  the  input 
face  of  the  fibre,  care  was  taken  to  distribute  the  beam 
over  the  fiill  core  area.  However,  the  effect  of  the 
central  intensity  maximum  is  to  induce  self-focusing, 
so  causing  the  guided  beam  to  concentrate  on  the  fibre 
axis,  generating  higher  power  densities  than  were 
present  at  the  input  face. 

Evidence  for  the  self-focusing  hypothesis  was 
provided  by  inspection  of  the  fibres  which  had  failed 
after  exposure  to  laser  pulses  of  excessive  energy. 
The  centre  of  the  damage  was  at  a  distance  up  to  40 
mm  into  the  fibre,  with  disruption  of  the  core-cladding 
interface.  The  exact  damage  mechanism  remains  to 
be  established,  but  one  possibility  is  as  follows:  the 
short  laser  pulses  focused  within  the  fibre  generate 
ultrasound  pulses  that  travel  outwards  from  the  core  of 
the  fibre,  encountering  a  discontinuity  at  the  core¬ 
cladding  interface,  where  energy  is  dissipated  leading 
to  mechanical  damage.  An  effect  of  self-focusing 
would  thus  be  for  fibres  to  fail  within  their  bulk  rather 
than  at  the  input  surface,  giving  the  impression  of  a 
lower  bulk  damage  threshold  than  surface  damage 
threshold,  in  distinction  to  normal  experience  with 
conventional  optical  components. 

At  greater  distances  into  the  fibre,  the  effect  of 
inter-modal  dispersion  (Adams,  1981)  is  sufficient  to 
induce  differences  of  optical  path  between  the  guided 
modes  of  much  greater  than  a  wavelength,  thus 
preventing  the  guided  wavefront  from  being  focused  to 
a  small  region. 

We  suspect  that  self-focusing-induce  damage  may 
be  exacerbated  by  the  presence  of  micro-cracks  in  the 
input  face  of  the  fibre  created  by  the  preparation 
process — either  polishing  or  cleaving.  There  is 
evidence  that  the  damage  threshold  can  be  increased 
by  annealing  the  fibre  input  face  to  remove  micro¬ 
cracks,  using  a  COj  laser  as  a  local  heating  technique. 

2.2  Damage  threshold  measurements 

We  conducted  a  set  of  experimental  measurements  to 
establish  practical  damage  thresholds  for  fibres  to  be 
used  in  our  piv  delivery  system.  The  fibres  chosen 
covered  a  range  of  core  diameters,  from  100  pm  to 
1  mm.  They  were  fabricated  with  a  pure  fused  silica 
core,  to  avoid  photorefractive  effects,  and  a  doped 
cladding;  thus  they  had  a  step  refractive  index 
distribution. 

We  chose  step-index,  rather  than  graded  index 
fibres,  for  the  following  reasons.  Graded  index  fibres 
show  much  less  inter-modal  dispersion  than  step- 
index  fibres,  so  that  speckle  effects  may  be  expected 
to  be  more  severe  (see  section  2.3),  and  there  is  a 
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possibility  of  repeated  self-focusing  along  the  fibre.  In 
any  case,  in  a  graded  index  fibre  a  greater  proportion 
of  the  beam  is  guided  close  to  the  axis  (Boechat  et  al, 
1993),  exacerbating  self-focusing.  Conversely,  graded 
index  fibres  produce  higher  quality  beams,  and  so  may 
be  useful  for  future  lower  pulse  energy  applications. 

A  disadvantage  of  the  inter-modal  dispersion  is  a 
temporal  spreading  in  the  output  pulse.  However,  the 
effect  is  not  serious  in  the  present  case.  An  upper 
limit  for  the  pulse  spreading  may  be  estimated  from 

Ar<  {ni-n2)LI  c 

where  nj  and  nj  are  the  core  and  cladding  refractive 
indices  of  the  fibre  of  length  L,  and  c  is  the  speed  of 
light.  The  numerical  aperture  of  a  fibre  is  given  by 
NA  =  {n^  -n2y  ,  where  a  typical  practical  value 

would  be  0.3.  Thus  for  a  typical  delivery  fibre  length 
of  10  m,  the  pulse-spreading  is  only  1  ns.  In  practice, 
the  pulse  spreading  is  much  reduced,  given  that  much 
of  the  optical  power  is  guided  in  modes  close  to  the 
optical  axis,  for  which  the  intermodal  dispersion  is 
small. 

In  order  to  maximise  the  damage  threshold  of  the 
fibres,  the  laser  beam  was  conditioned  to  distribute 
power  over  the  full  core  area  of  the  fibre.  It  is 
common  in  the  design  of  beam  launching  systems  to 
condition  the  laser  to  produce  a  beam  waist  on  the 
input  face  of  the  fibre,  matching  the  core  diameter  and 
acceptance  angle  of  the  fibre.  In  the  present 
experiments,  the  core  diameters  were  so  high  that  a 
lens  of  excessive  focal  length  would  have  been 
required  to  produce  a  beam  waist  on  the  entrance  face 
matching  the  fibre  core  size.  Instead,  a  lens  of  focal 
length  400  mm  was  used.  The  fibre  was  then 
positioned  downstream  of  the  lens  where  the  beam 
had  diverged  to  fill  the  entrance  face.  This  technique 
has  the  advantage  of  slightly  reducing  the  effects  of 
self-focusing.  Placing  the  fibre  upstream  of  the  focus 
in  the  converging  beam  is  disastrous,  since  it  allows 
linear  focusing  to  take  place.  Results  of  the  damage 
threshold  measurements,  as  pulse  energy  versus  core 
diameter,  are  shown  in  table  1.  The  observed  damage 
morphology  was  the  same  in  each  case,  shown  by 
disruption  of  the  core-cladding  interface  at  a  distance 
of  a  few  cm  into  the  fibre  (see  section  2.2).  The 
maximum  delivered  pulse  energy  increased  with  core 
diameter,  but  not  proportionately  with  core  area; 
hence  the  larger  fibres  failed  at  smaller  energy 
densities. 


Table  1:  Fibre  energy  damage  thresholds  measured 
using  a  Spectra  Physics  GCR12  NdiYAG  laser,  delivering 
6  ns  Q-switched  pulses  at  a  wavelength  of  532  nm  and 
repetition  rate  of  1 0  Hz. 


Fibre  core  diameter, 
|im 

Energy  damage 
threshold,  mJ 

200 

1.5 

400 

7 

600 

9 

1  000 

14 

2.3  Speckle  noise 

The  number  of  modes  guided  by  the  fibre  is  given 
approximately  by 


for  large  numbers  of  modes  (Adams,  1981).  In  the 
present  experiments,  the  range  of  propagation  angles 
in  the  input  beam  is  much  less  than  the  acceptance 
angle  of  the  fibre.  Consider  the  case  of  a  fibre  with  a 
200  pm  core  diameter,  filled  with  a  beam  whose 
numerical  aperture  is  about  10  mrad.  Hence,  the 
equation  indicates  that  approximately  2  500  modes 
propagate.  At  the  output  of  the  fibre,  these  modes 
couple  into  free  space.  Hence,  viewed  in  the  far-field 
of  the  fibre  output,  the  various  modes  interfere  to 
produce  speckle. 

The  effect  of  speckle  is  to  produce  an 
inhomogeneous  light  sheet.  Essentially,  we  require 
that  even  in  the  'dark'  areas  of  the  sheet,  the  energy 
density  is  sufficient  to  produce  an  acceptably  exposed 
Piv  image  (Adrian  and  Yao,  1985).  The  degree  of 
intensity  modulation  in  the  fibre  far  field  can  be 
described  by  its  visibility,  defined  as 

y  _  -^inax  "-^min 
•^max 

where  7^^  and  7jjjj„  are  the  maximum  and 
minimum  intensities  in  the  sheet.  We  adopted  the 
following  measures  to  reduce  the  speckle  visibility, 
and  hence  the  homogeneity  of  the  light  sheet.  The 
ability  of  two  modes  to  interfere  to  produce  speckle 
depends  on  their  mutual  temporal  coherence. 
However,  the  two  modes  have  a  relative  path 
difference  caused  by  intermodal  dispersion.  For 
values  of  intermodal  dispersion  large  in  comparison 
with  the  coherence  length  of  the  source,  the  visibility 
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of  interference  is  low.  Furthermore,  high-order  modes 
(those  propagating  with  large  angles  to  the  axis) 
exhibit  more  intermodal  dispersion  than  low-order 
modes.  Thus  we  reduced  the  speckle  visibility  by 
using  a  long  fibre  and  deliberately  enhancing  coupling 
to  the  higher-order  modes.  Mode  coupling  can  be 
either  intrinsic  (caused  mainly  by  scattering  at  the 
core-cladding  interface)  or  extrinsic  (induced  by 
bending)  (Su  et  al,  1994).  By  using  a  fibre  length  of 
>5  m  we  were  able  to  reduce  the  speckle  visibility  to 
the  acceptable  level  of  15  %,  measured  using  a  beam 
profiler  based  on  a  charge  injection  device  camera  and 
a  digital  frame  grabber.  Further  reductions  would 
have  been  possible  by  exploiting  extrinsic  mode 
coupling,  although  this  would  have  also  increased  the 
divergence  of  the  output  beam,  leading  to  a  reduction 
in  beam  quality. 

3.  LIGHT  SHEET  PROPERTIES  AND 
DELIVERY  BY  FIBRE  BUNDLES 

For  the  relatively  large  fibre  core  diameters  used  in 
these  studies,  geometrical  optics  offers  a  reasonable 
approximation  for  the  purposes  of  optical  design.  A 
convenient  measure  of  the  quality  of  the  beam 
emerging  from  the  output  of  the  fibre  is  the  product  of 
the  near-field  diameter  and  the  far-field  divergence. 
The  near-field  diameter  is  roughly  equal  to  the  fibre 
core  diameter.  The  maximum  possible  far-field 
divergence  is  set  by  the  numerical  aperture  of  the 
fibre.  However,  in  the  present  experiments,  the  input 
beam  has  a  divergence  much  less  than  the  acceptance 
angle  of  the  fibre;  thus,  the  fibre  is  underfilled,  and 
the  output  beam  divergence  is  much  less  than  the 
numerical  aperture  of  the  fibre. 

Consider  the  design  of  delivery  system  using  a 
single  fibre  for  pulse  energies  of  >10  mJ.  The 
practical  results  of  the  previous  section  indicate  that 
a  minimum  core  diameter,  rfj,  of  about  1  000  pm 
would  be  required,  thus  setting  the  near-field  profile 
diameter.  The  far-field  divergence,  even  assuming  a 
perfectly  collimated  input  beam,  is  set  by  intrinsic 
mode  coupling  in  the  fibre,  and  the  requirement  to 
reduce  speckle  noise  to  an  acceptable  liimt,  feasible  in 
our  experiments  with  a  divergence,  0 ,  of  100  mrad, 
leading  to  a  beam  quality  of  100  mm-mrad. 

Our  initial  estimates  based  on  requirements  for 
energy  density  in  the  delivered  light  sheet  indicated  a 
requirement  for  a  sheet  of  thickness  approximately 
1.5  nun,  maintained  over  the  dimension  of  the 
measurement  region  /  of  approximately  100  mm. 
The  light  sheet  is  produced  by  conditioning  the  output 


of  the  fibre  first  with  a  spherical  lens  and  then  a 
cylindrical  one,  to  produce  a  magmfication,  ,  of  1 .2 
in  the  plane  of  the  sheet.  Thus  the  thickness  of  the 
sheet  at  its  centre  is  ,  1 .2  mm  with  a 

divergence  of  d\  =  9! 82  mrad,  so  that  the 
thickness  has  increased  to 

or  7.2  mm  at  the  edges  of  the  measurement  volume. 
The  single  fibre  is  thus  unable  to  give  an  acceptable 
compromise  between  delivered  energy  and  beam 
quality. 

Now  consider  the  use  of  a  bundle  of  optical  fibres 
to  deliver  the  beam.  The  bundle  is  formed  into  a 
cylindrical  cross-section  at  its  input  and  as  a  linear 
array  at  its  output,  figures  1  and  2.  The  input  laser 
beam  is  conditioned  to  form  a  spot  covering  the  entire 
input  face  of  the  bundle,  so  that  the  pulse  energy  E  is 
shared  between  the  V  fibres  forming  the  bundle,  with 
each  fibre  carrying  an  energy  EfN.  Hence,  adopting 
the  simple  approximate  relationship  that  the  damage 
energy  scales  with  the  area,  then  the  required  core 
diameter  for  each  of  the  fibres  is 

d^=d^l4N 

where  d^  is  the  core  diameter  of  a  single  fibre 

capable  of  withstanding  a  pulse  energy  of  E.  Consider 
now  that  the  output  from  the  linear  array  of  fibres  is 
conditioned  as  before,  using  a  spherical  and 
cylindrical  lens.  The  thickness  of  the  sheet  at  its 
centre  is  thus 

to  = 

Thus  the  required  magnification  is 

and  the  corresponding  divergence  in  the  plane  is 
accordingly  reduced,  such  that  its  thickness  at  the 
edges  is  now 

tg  =  to  +mi9ll2-Jld 

For  the  case  of  a  bundle  comprising  19  fibres  of  core 
diameter  200  |im,  we  see  that  we  can  now  achieve 
pulse  energies  of  >20  mJ  in  a  sheet  with  centre 
thickness  1.2  mm  and  edge  thickness  2.5  mm  over  a 
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measxirement  volume  of  depth  100  mm,  thus  satisfying 
the  requirements  of  our  application. 

A  disadvantage  of  using  bundles  for  beam  delivery 
is  the  corresponding  reduction  in  launching  efficiency. 
The  input  faces  are  not  perfectly  packed,  and  light  is 
lost  both  into  the  interstices  and  into  the  cladding  of 
the  fibre  (hence  indicating  the  advantage  of  specifying 
fibres  with  as  thin  a  cladding  as  possible).  It  is  also 
desirable  to  couple  as  nearly  equal  powers  as  possible 
into  the  various  fibres  of  the  bundle.  This  was 
achieved  in  practice  by  conditioning  the  input  laser 
beam  to  form  a  spot  somewhat  larger  than  the  area  of 
the  input  face  of  the  bundle,  thus  excluding  the  lower 
intensity  wings  of  the  beam,  and  exploiting  only  the 
central  part  of  the  beam  where  the  intensity  was 
roughly  uniform;  the  price  paid  for  the  improvement 
in  uniformity  is  a  further  loss  of  launch  efficiency. 
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Figure  1:  General  arrangement  for  the  fibre  beam  deiivery 
system 

We  constructed  a  practical  delivery  system  in  the  form 
of  a  bundle  of  19  fibres.  The  number  was  chosen  to 
be  sufficient  to  satisfy  our  requirements  for  beam 
quality,  whilst  also  giving  efficient  packing  at  the 
input  face,  in  the  form  of  a  single  central  fibre, 
surrounded  by  an  inner  layer  of  six  fibres  and  an  outer 
layer  of  twelve  fibres.  Each  fibre  had  a  200  pm 
diameter  core  and  an  outside  cladding  diameter  of  220 
pm.  The  core  and  cladding  were  pure  and  doped 
fused  silica  respectively.  The  fibres  were  each 
approximately  5  m  long,  sufficient  both  to  suppress 
speckle  by  the  combined  effects  of  intrinsic  mode 
coupling  and  intermodal  dispersion,  and  to  satisfy  the 
requirement  to  keep  the  laser  at  an  appropriate 
distance  from  the  test  rig.  The  fibres  were  formed 
into  an  array  of  circular  cross-section  at  the  input,  and 
a  linear  array  at  the  output. 
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Figure  2:  Arrangements  of  the  input  and  output  arrays  for 
the  fibre  bundle 

Light  from  the  Q-switched  and  frequency  doubled 
Nd:YAG  laser  was  launched  into  the  input  end  of  the 
fibre  bundle  using  a  lens  of  focal  length  400  mm.  The 
lens  was  arranged  to  produce  a  laser  spot  on  the 
entrance  face  of  the  fibre  with  a  diameter  of  1.4  mm, 
in  comparison  with  a  diameter  of  1.1  mm  for  the 
bundle  itself  The  system  gave  launch  efficiencies  of 
up  to  35  %,  with  pulse  energies  as  high  as  25  mJ,  with 
reliable  operation. 


Input 

laser 

beam 


. t . 

Beam 

waist 


Launching 

lens 


Fibre 

bundle 


Figure  3:  Arrangement  for  the  launch  optics 

The  light  at  the  output  end  of  the  fibres  had  a 
numerical  aperture  (na)  of  104  mrad,  much  greater 
than  the  input  na  of  the  laser  beam  (12.5  mrad) 
because  of  mode  coupling  in  the  fibre,  but  still  less 
than  the  maximum  na  of  the  fibre  (440  mrad). 

Optical  arrangements  for  light-sheet  formation  are 
discussed,  for  example,  by  Prenel  et  al  (1987).  fri  our 
case,  the  light  sheet  was  formed  by  conditioning  the 
output  from  the  linear  array  of  fibres  using  a  spherical 
lens  with  a  focal  length  of  16  mm  and  a  cylindrical 
lens  of  focal  length  1 1  mm.  The  lenses  were  adjusted 
to  form  a  light  sheet  with  a  thickness  of  1 .2  mm  at  its 
centre,  and  a  maximum  thickness  of  2.5  mm  over  the 
entire  100  mm  depth  of  the  measurement  region. 
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Figure  4;  Optical  arrangement  for  light  sheet  formation 
(three  fibres  only  shown  for  clarity). 

4.  COMBUSTION  TEST-RIG  AMD 
EXPERIMENTAL  MEASUREMENTS 

The  tests  were  carried  out  on  a  Rolls-Royce  Phase  -V 
aircraft  combustion  rig,  fuelled  by  a  mixture  of 
kerosene  and  pre-heated  air,  run  in  the  ground-idle 
condition  with  an  air-to-fuel  ratio  of  just  over  80. 
Temperatures  in  the  combustor  were  of  the  order  of 
2  000  K,  and  the  maximum  velocities  were  of  the 
order  of  60  ms"^. 

The  rig  had  quartz  side  windows  which  allowed 
access  for  the  PIV  photographs,  but  the  fibre  probe 
itself  had  to  be  inserted  through  an  ignitor  port  which 
was  only  just  over  12  mm  in  diameter.  The 
combustion  process  generated  soot  and  there  were  also 
unbumed  kerosene  droplets  in  the  chamber,  so  it  was 
essential  that  the  quartz  windows  and  the  output  lens 
of  the  fibre  probe  were  purged  with  air  in  order  to 
keep  them  clean. 

The  fibre-optic  arrangement  was  held  in  a  chuck 
and  inserted  into  a  barrel  which  was  threaded  so  that 
it  could  be  screwed  into  the  ignitor  port.  The  light 
emerging  from  the  fibre  bundle  passed  through  a 
spherical  lens,  and  then  a  cylindrical  lens,  fixed  into 
the  barrel,  the  whole  configuration  sitting  just  proud 
of  the  inner  skin  of  the  combustor.  Compressed  air 
was  forced  through  the  system  in  order  to  cool  it. 

Seeding  of  the  flow  was  achieved  by  introducing 
aluminium  oxide  powder  into  the  pre-heated  air 
stream  before  it  entered  the  combustion  chamber, 
using  a  device  which  produced  a  high  intensity 
particle  jet.  The  powder  had  a  mean  size  of  3  pm. 

The  laser  pulses  were  generated  by  a  frequency 
doubled  Q-switched  Nd:YAG  laser  operating  at  532 
nm.  For  these  tests,  the  energy  per  pulse  was  set  at 
9mJ,  corresponding  to  an  illumination  intensity  of 
about  75  Jm'^  at  the  centre  of  the  burner. 


5.  IMAGE  CAPTURE  AND  RESULTS 

The  PfV  images  were  captured  on  TMAX  black-and- 
white  film  with  an  ASA  rating  of  400  using  a  Nikon 
35  mm  camera  and  55  mm  MicroNikkor  lens.  In 
order  to  discriminate  between  flame  luminosity  and 
laser  light  scattered  from  the  seeding  particles,  the 
camera  was  synchronised  with  the  laser  pulses,  using 
a  shutter  speed  of  1/250  s.  To  further  improve  the 
discrimination,  a  bandpass  interference  filter  with  a 
centre  wavelength  of  532  nm  and  a  bandwidth  of  1  nm 
was  attached  to  the  front  of  the  camera  lens.  The 
separation  between  laser  pulses  was  typically  10  ps. 
It  was  found  that  an  aperture  of  about  fl%  gave  the 
appropriate  balance  between  depth-of-field,  light 
enlargement  and  diffraction  enlargement  of  particle 
images. 


Figure  5:  Typical  velocity  vector  map,  measured  in  the 
Rolls-Royce  Phase-V  aircraft  combustion  rig,  using  fibre 
optic  illumination.  The  piv  image  was  analysed  by 
correlation  using  a  64x64  pixel  resolution. 
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Once  captured,  the  negatives  were  digitised  and 
then  analysed  using  direct  digital  FFT  routines.  A 
typical  result  is  shown  in  figure  5.  From  these  images 
it  is  possible  to  obtain  useful  information  on  the  flow 
velocities  within  the  combustor,  and  also  on  the  fuel 
spray  distribution  adjacent  to  the  injector  nozzle. 

6.  DISCUSSION  AND  CONCLUSIONS 

We  have  demonstrated  successfully  a  fibre  optic  beam 
delivery  system  for  >  25  mJ  pulse  energies  from  a  Q- 
switched  laser  for  use  in  practical  Piv  measurements. 
A  key  feature  in  making  the  system  possible  was  the 
adoption  of  fibre  bundles  rather  than  individual  fibres 
in  order  to  deliver  the  beam. 

Whilst  successful,  and  useful  in  providing  a 
flexible  and  robust  means  for  beam  delivery  in 
situations  with  relatively  poor  optical  access,  the  fibre 
system  is  inefficient  in  comparison  with  bulk-optic 
beam  delivery,  both  in  terms  of  loss  of  optical  power 
and  in  deterioration  of  beam  quality. 

An  obvious  way  of  improving  beam  quality  is  to 
increase  the  number  of  fibres,  so  that  each  one  could 
have  a  smaller  core  diameter.  Diameters  of  200  pm 
were  adequate  for  our  needs,  but  smaller  ones  are 
commercially  available,  with  cladding  outside 
diameters  10  %  larger  than  the  core  diameter,  down  to 
at  least  50  pm.  Smaller  diameters  are  feasible,  but 
claddings  thinner  than  a  few  pm  lead  to  lossy  fibres, 
as  well  as  being  difficult  to  handle.  Thicker  claddings 
increase  the  launching  loss. 

A  significant  power  loss  in  our  experiments  arose 
from  using  only  the  inner  part  of  the  input  beam  in  the 
interests  of  uniformity  of  intensity  in  the  light  sheet. 
If  we  had  used  a  larger  number  of  fibres,  we  could 
have  used  all  of  the  beam.  Although  the  outer  fibres 
would  then  have  been  carrying  lower  energies,  if  they 
were  distributed  uniformly  in  the  output  linear  array 
then  a  uniform-intensity  light  sheet  would  still  have 
been  produced. 

Perhaps  the  greatest  performance  gains  will  arise 
from  the  frustration  of  self-focusing.  One  approach  is 
to  condition  the  input  beam  to  reduce  its  spatial 
coherence  (effectively,  deliberately  reduce  the  beam 
quality)  so  that  self-focusing  in  the  fibre  could  not 
lead  to  very  high  local  intensities.  Another  solution 
which  also  reduces  the  effect  of  self-focusing  is  to  ixse 
fibre  tapers  at  the  input  end  of  the  array. 

In  the  long  term,  an  interesting  approach  to  high 
pulse  energy  transmission  may  be  offered  by  hollow 


wave  guides,  where  air  is  the  core  medium.  At 
present,  the  losses  of  such  fibres  are  too  high  and 
available  core  diameters  are  too  large  to  be  of  interest 
for  PIV,  despite  their  successful  use  with  CO2  lasers 
(Su  et  al,  1995),  but  they  are  of  sufficient  potential 
value  to  monitor  future  developments. 
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1  ABSTRACT 

This  paper  describes  the  application  of  particle  im¬ 
age  velocimetry  to  the  measurement  of  air  flows  in 
a  3m  X  1.5m  low  speed  wind  tunnel.  In  particular 
the  technique  has  been  applied  to  the  study  of  flows 
where  the  predominant  velocity  component  is  per¬ 
pendicular  to  the  plane  of  measurement.  Results 
from  studies  of  road  vehicle  wakes  and  swept  wing 
aircraft  flows  are  presented  and  discussed. 

2  INTRODUCTION 

The  development  of  PIV  (Adrian (1991))  over  the  last 
few  years  has  enabled  non-intrusive,  virtually  instan¬ 
taneous  measurements  to  be  made  over  a  large  area 
of  a  complex  flow  field.  These  characteristics  of  the 
technique  make  PIV  an  ideal  method  for  producing 
quantitative  data  on  unsteady  flow  phenomena. 

The  PIV  technique  operates  by  measuring  the 
displacement  of  small  tracer  particles  as  they  trans¬ 
late  with  the  flow  field.  A  multiple  pulse  laser  beam 
is  formed  into  a  light  sheet  and  illuminates  the  par¬ 
ticles  at  different  instants  in  their  motion.  These 
images  are  recorded  on  photographic  film  and  after 
development  the  film  is  automatically  interrogated  to 
yield  velocity  vectors.  A  conventional  PIV  arrange¬ 
ment  utilises  a  single  camera  with  its  axis  perpen¬ 
dicular  to  the  plane  of  measurement.  This  type  of 
system  permits  measurement  of  the  components  of 
velocity  in  the  plane  of  the  light  sheet. 

In  cases  where  there  is  a  significant  velocity 
component  perpendicular  to  the  measurement  plane, 
parallax  distortions  are  present  on  the  measured  ve¬ 
locity  components  due  to  the  out-of-plane  velocity. 
This  effect  can  be  corrected  for  quite  simply  if  the 
out-of-plane  velocity  is  known.  In  some  flows  it  may 
be  adequate  to  assume  that  this  is  constant  but  for 
many  complex  flows  where  the  out-of-plane  veloc¬ 
ity  varies  substantially,  a  double  camera  system  is 


necessary  for  satisfactory  correction. 

The  purpose  of  this  experimental  investigation 
is  to  advance  the  understanding  of  vortex  behaviour 
in  wakes  and  to  compare  instantaneous  flow  maps 
obtained  using  PIV  with  results  achieved  using  time- 
averaged  techniques.  Two  experimental  cases  will  be 
discussed  showing  application  of  PIV  to  cross  flow 
measurements  in  wakes. 

The  first  of  these  cases  is  the  wake  of  a  typical 
passenger  car  model.  A  car  is  considered  as  a  bluff 
body  due  to  the  large  regions  of  separated  flow  gen¬ 
erated.  The  drag  experienced  by  a  vehicle  is  directly 
related  to  the  structure  of  the  flow  in  its  wake.  Thus, 
it  is  essential  to  have  detailed  quantitative  measure¬ 
ments  in  this  part  of  the  flow  to  enhance  understand¬ 
ing  of  the  drag  creation  mechanisms.  Due  to  the  lack 
of  practical  methods  for  instantaneous  measurement 
of  complex  and  unsteady  flows  most  of  the  quan¬ 
titative  vehicle  aerodynamics  measurements  made 
to  date  have  used  time-averaged  techniques  (Ahmed 
(1981),  Bearman  et  al  (1983),  Cogotti(1987)). 

The  second  case  considered  is  the  flow  imme¬ 
diately  downstream  of  a  swept  wing  aircraft  model. 
This  experiment  was  carried  out  to  test  the  ability 
of  a  stereo  camera  arrangement  to  remove  parallax 
errors  from  the  PIV  vector  field  of  a  typical  vortical 
flow. 


3  PIV  MEASUREMENT  OF  ROAD 
VEHICLE  WAKES 

3.1  PIV  System  Details 

PIV  measurements  were  made  in  cross  flows  in  road 
vehicle  wakes  using  the  experimental  arrangement 
shown  in  Figure  1. 
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3M  X  l^M  TUNNEL 


Fig.  1  Experimental  Arrangement 


Whitaker  signal  reconstruction  technique  (Lourenco 
and  Krothapalli(1995))  to  the  autocorrelated  data. 
During  the  post-processing  stage  a  correction  for  the 
error  caused  by  the  rotation  of  the  image  shifting 
mirror  was  also  applied  to  the  data  (Oschwald  et  al 
(1995)). 

Parallax  removal,  in  this  case,  was  obtained  by 
assuming  that  the  out-of-plane  velocity  was  constant 
and  equal  to  the  freestream  velocity.  A  simple  geo¬ 
metrical  correction  can  be  applied  to  correct  the  data 
under  these  assumptions  (Grant  et  al  (1994)).  The 
assumption  of  constant  axial  velocity  is  incorrect  for 
the  central  region  of  the  vehicle  wake  but  here  the 
parallax  error  is  small  and  hence  the  use  of  an  inap¬ 
propriate  value  leads  to  minimal  error. 


The  illumination  required  was  provided  by  a  Lu- 
monics  HLS4  ruby  laser.  This  is  capable  of  produc¬ 
ing  two  red  light  pulses,  each  containing  5  Joules  of 
energy.  The  pulse  duration  was  25ns  and  the  pulse 
separation  could  be  adjusted  as  required  within  a 
range  of  1  —  400/zs. 

The  seeding  material  used  was  oil-based  smoke 
produced  by  a  Concept  smoke  generator.  The  smoke 
was  introduced  upstream  of  the  model  by  a  narrow 
pipe  surrounded  by  an  aerofoil  housing.  This  ar¬ 
rangement  was  placed  in  the  wind  tunnel  contrac¬ 
tion,  in  order  to  minimise  the  disturbance  to  the  flow. 
The  average  particle  size,  from  an  independent  mea¬ 
surement,  was  l//m. 

Photographic  film  (Kodak  Technical  Pan)  was 
used  as  the  recording  material  because  of  its  high 
resolution.  A  Bronica  medium  format  camera  fitted 
with  a  110mm  diffraction  limited  lens  was  used  to 
photograph  the  flow  field. 

Image  shifting  was  required  to  remove  direc¬ 
tional  ambiguity  on  the  two  pulse  PIV  photographs. 
This  was  applied  using  a  rotating  mirror  arrange¬ 
ment.  The  image  shifting,  laser  firing  and  camera 
shutter  operation  were  all  controlled  by  a  PC.  Ex¬ 
periments  were  carried  out  in  complete  darkness  with 
the  camera  shutter  held  open  for  1  second  while  the 
laser  firing  was  triggered  by  the  rotating  mirror. 

Velocities  in  the  plane  of  the  light  sheet  were 
obtained  by  analysing  PIV  photographs  using  the 
autocorrelation  technique.  Small  areas  of  the  pho¬ 
tographic  negative  were  sequentially  digitised  and 
128  X  128  pixel  areas  analysed  using  two-dimensional 
Fast  Fourier  Transform  routines.  These  computa¬ 
tional  routines  were  carried  out  on  a  DSP32C  dig¬ 
ital  signal  processing  card  to  enhance  the  speed  of 
the  operation.  Sub-pixel  resolution  was  obtained 
in  determining  particle  separation  by  applying  the 


3.2  Experimental  Results 

The  car  model  used  for  these  experiments  was  a 
1  /8th  scale  Honda  Accord.  The  testing  was  carried 
out  at  a  Reynolds  number  of  1.4  x  10®  based  on  the 
width  of  the  model  (freestream  velocity  of  10ms“^). 
The  measurements  shown  in  this  paper  were  taken 
from  a  cross-plane  of  the  car  wake  with  the  laser 
sheet  plane  0.23  car  lengths  downstream  of  the  rear 
of  the  model. 

The  presence  of  an  out-of-plane  velocity  com¬ 
ponent  results  in  particles  moving  out  of  the  mea¬ 
surement  area  between  laser  pulses  which  causes  sin¬ 
gle,  unpaired  particle  images  to  be  recorded.  These 
single  images  reduce  the  accuracy  of  the  technique 
and  their  occurrence  must  therefore  be  minimised. 
For  this  case  the  laser  sheet  was  approximately  4mm 
thick  and  the  time  separation  between  pulses  was 
QOfxs.  This  meant  that  a  particle  moving  with 
the  freestream  velocity  would  travel  0.6mm  between 
laser  pulses.  A  large  proportion  (approximately 
85%)  of  particles  within  the  sheet  should  therefore 
be  paired. 

Figures  2  and  3  show  examples  of  PIV  results 
which  demonstrate  instantaneous  velocity  distribu¬ 
tions  captured  under  identical  conditions  at  differ¬ 
ent  times.  The  plots  show  the  measurement  plane, 
viewed  from  downstream  with  a  projection  of  the 
rear  of  the  model  drawn  to  indicate  the  relative  po¬ 
sitions  of  the  flow  features.  In  these  plots  a  number 
of  features  of  the  instantaneous  flow  can  be  seen.  The 
flow  is  dominated  by  swirling  features  which  tend  to 
have  a  clockwise  rotational  sense  on  the  left  hand  side 
and  an  anti-clockwise  sense  on  the  right.  It  is  also 
noted  that  the  instantaneous  cross-plane  structure 
differs  significantly  from  that  achieved  by  measuring 
mean  velocities  in  the  same  flow  using  a  split-film 
probe  (a  point  measurement  technique) 
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Fig.  2  Instantaneous  flow  behind  car 


Fig.  3  Instantaneous  flow  behind  car 


and  traversing  the  probe  across  the  flow  field  to  con¬ 
struct  an  array  of  vectors  (Goh  (1995)).  This  data 
is  shown  in  Figure  4.  Although  this  split-film  probe 
plot  shows  only  one  half  of  the  car  wake,  further 
results  from  the  same  reference  show  the  wake  to 
be  symmetric.  This  time  averaged  data  shows  that 
the  flow  is  dominated  by  a  pair  of  strong  symmetric 
vortices  of  opposite  rotation.  From  instantaneous 
PIV  data,  it  can  be  seen  that  the  cross  plane  flow 
field  consists  of  an  asymmetric  wake  structure  with 
a  number  of  randomly  placed  vortices  rather  than  a 
pair  of  vortices.  In  the  central  region  of  the  car  wake 
there  is  an  area  of  strong  downwards  flow.  The  val¬ 
ues  of  this  downward  component  are  approximately 
55%  of  the  freestream  velocity. 

The  average  of  10  instantaneous  PIV  pictures  (in¬ 
cluding  Figures  2  and  3)  is  shown  in  Figure  5.  In  the 
mean  flow  only  two  contra-rotating  vortices  appear 
with  the  expected  rotational  senses.  In  the  instanta¬ 
neous  flow,  although  each  side  consists  of  a  cluster  of 
randomly  positioned  vortices,  the  overall  direction  of 
rotation  of  each  side  of  the  wake  is  the  same  as  seen 
in  the  main  flow  surveys.  After  averaging,  the  small 
strong  vortices  disappear,  and  the  flow  is  dominated 
by  two  larger  but  asymmetric  vortices.  In  general 
the  mean  flow  behind  a  bluff  body  should  be  sym¬ 
metric.  The  asymmetry  is  expected  to  be  due  to  the 
small  number  of  PIV  plots  being  used  in  the  averag¬ 
ing  process. 

4  PIV  APPLIED  TO  SWEPT  WING 
AIRCRAFT  FLOWS 

4.1  Dual  Ceimera  PIV  System 

A  dual  camera  system  was  constructed  and  imple¬ 
mented  in  the  wind  tunnel.  A  second  identical 
Bronica  camera  was  incorporated  with  a  known  ver¬ 
tical  separation  from  the  first.  The  camera  film 
planes  lay  on  the  same  plane.  Mounting  verti¬ 
cally  had  the  advantage  of  allowing  the  same  ro¬ 
tating  mirror  to  be  utilised  by  both  cameras.  The 
stereoscopic  equations  derived  in  Gauthier  and  Ri- 
ethmuller  (1988)  were  used  to  analyse  the  images. 
Combining  the  upper  and  lower  camera  data  enabled 
the  component  of  velocity  perpendicular  to  the  plane 
of  the  laser  light  sheet  to  be  resolved  at  each  inter¬ 
rogation  spot  of  the  PIV  photographs.  Knowledge 
of  this  value  allows  the  crossflow  plane  velocities  to 
be  accurately  corrected  for  parallax  errors.  The  out- 
of-plane  velocity  component  is  also  calculated  but 
with  somewhat  less  accuracy  than  the  in-plane  com¬ 
ponents.  The  larger  error  in  the  out-of-plane  compo¬ 
nent  is  caused  by  the  use  of  the  stereo  combination 


to  calculate  an  absolute  velocity  value  rather  than  a 
correction  as  in  the  in-pane  case. 

Stereo  photographs  must  have  a  common  reference 
point  to  allow  corresponding  flow  regions  to  be 
matched.  In  this  case  a  thin  wire  crossed  the 
measurement  plane  near  the  edge  of  the  area  pho¬ 
tographed.  This  appeared  as  a  dark  spot  on  both 
negatives  and  was  used  as  a  reference  point  when  ini¬ 
tiating  the  interrogation  process.  As  in  Prasad  and 
Adrian  (1993),  this  work  correlates  the  displacement 
of  all  particles  within  an  interrogation  spot  rather 
than  tracking  particles  individually. 

4.2  Application  to  Swept  Wing  Aircraft 
Flows 

The  dual  camera  technique  was  applied  to  the  mea¬ 
surement  of  velocities  generated  by  the  flow  over  the 
swept  wing  of  a  half  aircraft  model.  The  model  was 
mounted  with  its  baseplate  7cm  above  the  tunnel 
floor  and  therefore  out  with  the  tunnel  boundary 
layer.  The  experimental  arrangement  is  shown  in 
Figure  6.  The  results  presented  in  this  paper  are 
for  a  sweep  angle  of  70°  and  an  incidence  of  8°  and 
the  laser  sheet  plane  was  3cm  (0.28  tip  chord  lengths) 
downstream  of  the  wing  tip  trailing  edge.  The  results 
presented  were  obtained  with  a  free  stream  velocity 
of  15ms~^.  The  laser  sheet  used  was  2mm  thick 
and  the  time  separation  between  laser  pulses  was 
35//S.  Therefore  75%  of  particles  moving  with  the 
freestream  velocity  should  remain  within  the  sheet. 
Although  not  shown  in  Figure  6,  rotating  mirror  im¬ 
age  shifting  was  used  as  in  the  car  tests.  The  image 
shifting  velocity  applied  to  remove  directional  ambi¬ 
guity  was  20ms“^.  When  combining  data  from  two 
separate  cameras  any  errors  present  in  the  individual 
camera  plots  are  magnified.  Therefore  it  is  crucial 
that  any  sources  of  error  should  be  minimised.  If 
the  contribution  of  the  actual  in-plane  velocity  is 
very  small  in  comparison  to  the  superimposed  im¬ 
age  shifting  velocity  then  the  percentage  error  in  the 
measured  velocity  may  be  high.  The  image  shifting 
velocity  must  be  kept  as  low  as  possible  in  order  to 
maximise  the  contribution  to  the  particle  separation 
made  by  the  in-plane  particle  motion,  while  ensur¬ 
ing  that  no  directional  ambiguity  can  possibly  be 
present. 
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Fig.  4  Car  time  averaged  flow 
(taken  from  Goh(1995)) 


Axes  in  mm 
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Fig.  5  PIV  average  flow  behind  car 
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5  m/s 


Fig.  6  Schematic  of  orientation  for  swept  wing 


Figure  7  shows  a  typical  PIV  vector  plot  from  the 
upper  camera.  The  vector  plots  represent  the  flow 
field  in  the  plane  to  the  rear  of  the  wing,  viewed 
from  a  downstream  position  with  a  projection  of  the 
wing  tip  drawn  on  the  plot.  The  leading  edge  of  the 
wing  is  situated  at  (0, 0).  The  effects  of  parallax  are 
shown  on  this  plot.  On  the  right  of  the  plot  paral¬ 
lax  creates  an  apparent  velocity  to  the  right.  This 
is  more  obvious  to  the  upper  right  of  the  plot  where 
parallax  reinforces  the  actual  in-plane  velocity  com¬ 
ponent.  To  the  lower  right  actual  and  apparent  ve¬ 
locities  cancel  to  give  very  small  measured  velocities. 
Similar  parallax  effects  occur  on  both  the  upper  and 
lower  extremes  of  the  plot.  In  these  cases  the  paral¬ 
lax  causes  an  apparent  vertical  velocity  component 
which  enhances  the  actual  vertical  velocities  near  the 
top  and  reduces  them  near  the  bottom. 


Fig.  7  Instantaneous  flow  with  parallax  present 

The  effect  of  combining  the  upper  and  lower  camera 
data  sets  and  the  subsequent  removal  of  the  parallax 
error  is  shown  in  Figure  8.  The  effects  of  parallax 
towards  the  edges  of  the  plot  have  been  eliminated, 


allowing  accurate  measurements  of  the  in-plane  ve¬ 
locity  components  to  be  made.  There  are  less  ve¬ 
locity  vectors  present  on  the  combined  plot,  in  com¬ 
parison  to  the  upper  camera  plot.  In  order  to  pro¬ 
duce  parallax  corrected  data  velocity  vectors  must  be 
present  at  the  corresponding  co-ordinates  in  both  up¬ 
per  and  lower  camera  vector  fields.  A  missing  vector 
on  either  data  set  will  result  in  a  gap  in  the  combined 
data. 


Axes  in  mm 


Fig.  8  Instantaneous  flow  with  parallax  removed 

The  results  clearly  show  two  vortex  structures.  The 
main  vortex  is  situated  (at  about  (65,35))  between 
the  centre  and  trailing  edge  of  the  the  wing  and  a 
secondary  vortex  towards  the  leading  edge.  The  sec¬ 
ondary  vortex  (at  (15,15))  is  caused  by  separation 
from  the  wing  surface  induced  by  the  pressure  field 
of  the  main  vortex.  These  main  vortical  structures 
are  separated  by  an  area  of  strong  flow  containing 
cross  flow  velocities  of  up  to  llms~^,  73%  of  the 
freestream  velocity.  Complicated  small  scale  struc¬ 
tures  are  also  shown  to  be  present  in  the  flow.  Com¬ 
parison  of  the  vector  plots  showed  that  in  general  the 
double  vortex  structure  described  was  dominant  but 
all  demonstrated  variation  in  vortex  shape,  struc¬ 
ture  and  position.  Figure  9  shows  contours  of  con¬ 
stant  vorticity  generated  from  Figure  8.  The  velocity 
data  was  first  interpolated  to  cover  areas  with  gaps 
and  then  the  vorticity  equation  was  applied.  On  this 
figure  contours  of  positive  vorticity  are  white,  with 
negative  contours  in  grey.  An  intermediate  range  of 
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contours  with  values  close  to  zero  has  been  omitted 
to  enable  easy  recognition  of  the  highest  vorticity 
values.  The  main  areas  of  vorticity  are  obvious  but 
the  plot  demonstrates  that  other  vortical  structures 
are  present.  All  of  the  interesting  flow  structure  oc¬ 
curs  above  the  wing  and  so  this  area  in  particular 
was  examined. 


Axes  in  mm 
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Fig.  10  Average  of  10  data  sets 
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Fig.  9  Instantaneous  vorticity 

In  order  to  obtain  an  estimate  of  the  mean  flow,  10 
instantaneous  flow  maps  were  averaged.  Although 
the  number  of  sample  instantaneous  measurements 
is  small  the  result  of  the  averaging  procedure  (Fig¬ 
ure  10)  is  to  produce  a  vector  diagram  closely  resem¬ 
bling  those  obtained  using  time  mean  measurement 
techniques,  such  as  a  pressure  sensing  probe.  Vortic¬ 
ity  data  (Figure  11)  shows  that  many  of  the  smaller 
structures  seen  on  individual  maps  disappear  leaving 
only  two  dominant  vortex  structures  and  a  weaker 
area  of  vorticity  present  near  the  trailing  edge  of  the 
wing.  These  results  suggest  that  the  smaller  struc¬ 
tures  are  not  due  to  systematic  errors,  but  are  ac¬ 
tually  present  in  the  instantaneous  flow.  Therefore 
the  vortical  flows  observed  behind  the  swept  wing 
are  more  complicated  than  time-averaged  techniques 
would  suggest. 


Fig.  11  Vorticity  from  averaged  data  set 
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5  CONCLUSIONS 

From  the  passenger  car  model  test  several  conclu¬ 
sions  can  be  drawn.  In  this  case  parallax  removal 
was  carried  out  by  assuming  that  the  cross-plane  ve¬ 
locity  was  equal  to  the  freestream  at  all  points  in  the 
field.  The  instantaneous  flow  in  the  cross-plane  wake 
consists  of  mainly  swirl  type  features  which  have  a 
positive  clockwise  rotational  sense  on  the  left  and  the 
opposite  sense  on  the  right  when  viewed  from  be¬ 
hind  the  car.  However,  the  instantaneous  structure 
is  significantly  different  from  time-mean  results.  It 
consists  of  an  asymmetric  wake  with  several  smaller 
and  stronger  vortices  rather  than  only  a  pair  of  trail¬ 
ing  vortices.  In  the  middle  of  the  car  wake  there 
is  a  strong  downward  flow  where  the  instantaneous 
cross  flow  velocities  are  up  to  55%  of  freestream  ve¬ 
locity.  The  mean  structure  of  the  flow  behind  the 
car  obtained  by  PIV  is  similar  to  that  measured  by 
split  film  probes.  This  gives  confidence  in  the  PIV 
results. 

Tests  on  a  swept  wing  aircraft  model  indicate  that 
the  stereoscopic  translation  method  detailed  in  this 
paper  has  proved  successful  in  achieving  parallax  re¬ 
moval  from  cross  flow  data  sets.  Parallax  removal  has 
been  achieved  for  complex  flow  structures.  Measure¬ 
ments  of  in-plane  components  using  PIV  revealed 
new  details  of  the  flow.  PIV  vector  plots,  which  yield 
instantaneous  data  for  a  whole  plane,  show  the  pres¬ 
ence  of  complex  flow  structures  in  addition  to  the 
vortex  pattern  expected.  The  two  dominant  vortices 
are  separated  by  a  region  of  relatively  high  cross  flow 
velocity  as  in  the  road  vehicle  wake.  In  this  case  they 
can  be  as  high  as  73%  of  the  freestream.  The  data 
also  shows  that  the  main  vortices  are  composed  of 
random  patches  of  more  intense  vorticity  which  gy¬ 
rate  around  the  vortex  centres. 

Single  and  dual  camera  arrangements  have  been  suc¬ 
cessfully  applied  to  the  measurement  of  complex  un¬ 
steady  air  flows  in  a  wind  tunnel  environment.  Both 
test  cases  have  revealed  flow  structures  which  were 
far  more  complex  than  expected.  This  type  of  flow 
information  could  not  have  been  obtained  using  time- 
averaged  techniques  or  single  point  probes.  The  de¬ 
velopment  of  instantaneous  measurement  techniques 
is  therefore  essential  to  further  understanding  of  un¬ 
steady  flow  structures. 
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Abstract 

The  velocity  field  of  a  strongly  swirling  flow  has  been 
examined  using  an  LDA  and  PIV  in  combination.  The 
PIV  revealed  an  asymmetric  component  of  the  flow- 
field,  in  particular  a  movement  of  the  swirl  center  away 
from  the  geometric  center  of  the  rotating  cylinder.  A 
statistical  description  of  this  asymmetric  component 
has  been  developed,  from  which  the  apparent  tur¬ 
bulence  measured  with  an  LDA  has  been  estimated. 
These  results  are  compared  to  the  actual  LDA  mea¬ 
surements.  The  conclusion  is  that  a  large  portion  of 
the  measured  turbulence  using  a  one-point  technique 
(LDA)  can  be  attributed  to  this  effect  and  can  also 
explain  the  previously  observed  discrepancy  between 
experiment  and  numerical  simulation. 

1.  Introduction 

This  paper  investigates  the  use  of  PIV  and  LDA  in 
a  strongly  swirling  flow,  however  the  methodology 
introduced  to  combine  the  results  of  the  two  mea¬ 
surement  techniques  for  a  better  interpretation  of 
the  measured  data  has  a  much  wider  range  of  appli¬ 
cations.  It  is  the  methodology  which  is  considered 
to  be  the  main  contribution  of  this  paper. 

The  problem  will  first  be  stated,  using  some  of  the 
experimental  data  for  illustration.  In  the  present 
case  we  are  dealing  with  a  swirling  flow  generated 
by  a  rotating  cylinder,  which  after  a  period  of  con¬ 
stant  rotational  speed,  is  abruptly  stopped  and  the 
resulting  swirling  flow  is  left  to  decay  (spin-down). 
Optionally,  the  flow  can  also  be  subjected  to  com¬ 
pression  during  the  spin-down  phase,  through  move¬ 
ment  of  a  piston.  Figure  1  illustrates  the  velocity 
field  in  a  radial  plane  at  three  time  steps  during  the 
spin-down  phase.  Despite  the  exact  axisymmetry 
of  the  cylinder,  the  center  of  flow  rotation  does  not 
remain  in  the  geometric  center  of  the  cylinder.  A 
similar  behaviour  is  noticed  for  the  case  of  constant 


rotation  of  the  cylinder. 

A  point  velocity  measurement  (eg.  LDA)  will  reg¬ 
ister  not  only  turbulent  fluctuations  with  time  but 
also  changes  of  the  mean  velocity  (through  move¬ 
ment  of  the  swirl  center)  in  the  measured  standard 
deviation.  A  two-dimensional  numerical  simulation 
(axisymmetric)  will  necessarily  compute  turbulence 
without  this  added  component  attributable  to  the 
precession  of  the  rotation  center.  This  problem  is 
well  known  for  measurements  in  internal  combustion 
engines,  usually  referred  to  as  the  problem  of  cycle- 
to-cycle  variations.  Without  defining  too  precisely 
what  is  meant  by  turbulence,  efforts  have  been  made 
to  separate  components  of  velocity  fluctuations  of 
low  and  high  wavenumber,  on  the  premise  that  the 
higher  wave  number  fluctuations  were  turbulence, 
whereas  the  lower  wave  number  fluctuations  may 
not  all  be  irreversibly  lost  energy.  Previous  ap¬ 
proaches  to  this  problem  involved  the  use  of  filters  in 
frequency  domain  [1,2],  more  elaborate  decomposi¬ 
tion  schemes  [3-5],  scanning  LDA  measurements  [6] 
and  two-point  velocity  measurements  [7]. 

Generally  the  problem  arises  because  with  LDA  the 
velocity  is  only  known  at  one  point  and  any  global 
flow  movement  cannot  be  deduced  from  such  limited 
data.  In  this  respect  the  PIV,  being  a  whole-field 
technique,  can  be  helpful.  On  the  other  hand,  the 
PIV  does  not  yet  offer  the  required  time  and  spa¬ 
tial  resolution  necessary  for  a  statistical  description 
of  the  turbulence  field.  Therefore  a  complementary 
combination  of  the  two  techniques  is  sought. 

The  approach  used  in  the  present  experiment  can 
be  summarized  briefly  as  follows.  From  PIV  data 
similar  to  that  illustrated  in  Fig.  1,  statistics  of 
the  movement  of  the  rotation  center  are  derived  by 
examining  an  ensemble  of  50-100  repetitions  of  the 
one-shot  experiment.  These  statistics  are  accumu¬ 
lated  either  for  the  constantly  rotating  cylinder  or 


19.1.1 


Figure  1:  Streamline  plots  measured  by  PIV  at 
different  times  during  spin  down  showing  the 
precession  of  the  vortex  core 

for  each  time  delay  during  the  spin-down,  and  take 
the  form  of  a  joint  probability  density  distribution  in 
an  X  and  y  plane  with  its  origin  at  the  geometric  cen¬ 
ter  of  the  cylinder.  Mean  and  RMS  velocity  profiles 
of  the  tangential  velocity  component  on  the  same 
axial  plane  as  the  PIV  measurements  are  then  ob¬ 
tained  with  the  LDA.  The  movement  of  the  center  of 
rotation,  derived  from  the  PIV  data,  is  now  used  to 
postulate  movement  of  the  measured  mean  velocity 
profile  (LDA),  at  least  in  a  statistical  sense.  Know¬ 
ing  the  spatial  gradient  of  the  mean  velocity,  the 
artifact  (or  apparent)  turbulence  appearing  in  the 
one-point  LDA  measurements,  in  addition  to  actual 
turbulent  fluctuations,  can  be  estimated.  Of  course 
the  global  movement  of  the  flow  will  be  a  maximum 
in  the  center  of  the  cylinder  and  reduce  to  zero  at 
the  cylinder  wall.  This  must  be  taken  into  account 
by  some  spatial  decay  relation  with  respect  to  r  of 


the  joint  probability  function  describing  the  center 
of  rotation. 

The  remainder  of  the  paper  is  organized  as  follows. 
The  experimental  apparatus  is  described  in  section  2 
and  the  measuring  equipment  in  section  3.  The  data 
processing  of  the  PIV  measurements  is  described  in 
detail  in  section  4  and  applied  to  the  LDA  measure¬ 
ments  in  section  5.  Concluding  remarks  are  given  in 
section  6. 

2.  Experimental  Apparatus 

A  Rapid-Compression-Machine  (RCM)  allows  ob¬ 
servation  of  the  time-dependant  behavior  of  an  in¬ 
cylinder  flow  with  a  specified  swirl  strength  under 
the  influence  of  a  one  dimensional  compression.  Fig. 
2  and  Table  1  show  the  design  and  the  dimensions 
of  the  RCM.  With  the  current  apparatus,  the  avail¬ 
able  range  of  operational  parameters  corresponds 
to  those  typically  found  in  combustion  engines,  but 
also  encompasses  conditions  in  adherence  with  Rapid 
Distortion  Theory. 

The  experimental  operation  consists  primarily  of  two 
phases.  The  first  phase  is  that  related  to  the  gener¬ 
ation  of  swirl  inside  the  cylinder.  The  cylinder  con¬ 
sists  of  a  rotating  part  (section  Xh  +  Xc)  and  a  non¬ 
rotating  part  (section  x*),  see  Fig.  2,  where  the  ro¬ 
tating  section  is  driven  by  an  external  motor.  Both 
sections  are  separated  by  a  small  gap  (Ax  =  1mm). 


Figure  2  :  Design  of  the  Rapid  Compression  Machine 

After  stopping  the  cylinder  rotation,  a  compression 
stroke  is  performed  by  a  hydraulically  driven  piston. 
For  optical  access,  the  cylinder  head  (module  section 
Xc)  is  made  out  of  glass.  Its  length  may  easily  be 
changed  to  enable  experiments  at  different  compres¬ 
sion  ratios  Cc  =  —  ■  Note  that  section  Xe  serves 

as  acceleration  length  of  the  piston  to  its  desired  ini¬ 
tial  compression  velocity  when  passing  the  gap. 
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Size  (mm) 

Description 

d 

75.0 

Cylinder  diameter 

Xe 

74.0 

Piston  acceleration  length 

Xh 

160.0 

Stroke 

Xc 

40.0 

Head  clearance 

Table  1  ;  Apparatus  dimensions 


Although  the  major  goal  of  the  overall  project  is 
to  study  the  influence  of  compression  upon  the  in- 
cylinder  flow,  experiments  are  also  carried  out  with¬ 
out  compression  as  a  reference.  The  behaviour  of 
the  decaying  swirl  during  the  spin-down  is  discussed 
here,  since  its  features,  namely  the  precessing  vortex 
core  phenomenon,  complicate  the  experimental  eval¬ 
uation  of  measurement  data  as  mentioned  in  section 
1  and  described  in  the  following. 

The  range  of  operating  parameters  for  the  swirl  mode 
is  characterized  by  the  rotation  rate  of  the  cylinder. 
The  motor  used  to  drive  the  cylinder  is  capable  of 
rotation  rates  up  to  3000  rpm,  with  experiments  be¬ 
ing  performed  at  300  and  1200  rpm. 

3.  Measurement  Equipment 

3.1  Laser  Doppler  Anemometer 

The  two-component  backscatter  LDA  system  em¬ 
ployed  in  the  present  study  is  shown  schematically 
in  Fig.  3. 


Figure  3:  LDA  Sending  Optics 

Transmitting  Optics:  The  laser  beam  emitted  by  an 
Ar-Ion  Laser  is  passed  through  the  Bragg  Cell,  which 
operates  at  a  nominal  frequency  of  50  MHz  .  The 
Bragg  Cell  acts  as  a  beam  splitter  and  frequency 
shifter.  A  colour  separation  prism  follows.  The 
power  supply  of  the  Bragg  Cell  driving  unit  is  ad¬ 
justed  to  yield  nearly  equal  intensities  for  all  beams. 
The  four  beams  (one  shifted  and  one  unshifted  beam 
of  each  color)  are  spatially  separated  by  the  use  of 
mirrors  before  they  are  coupled  into  the  monomode, 
polarization  preserving  fibers.  The  collimation  be¬ 
fore  the  Bragg  Cell  is  used  to  condition  the  beam 


for  the  fiber  launch. 


2-component-LDA  probe 

LASER  POWER/BEAM: 

Pbeam  «  40mW  (GREEN) 

Pbeam  «  30mtP(BLUE) 

BEAM  SEPARATION; 

D  =  22  mm 

NUMBER  OF  FRINGES  : 

Nf  =  9.96 

FOCAL  LENGTH  f 

120  mm 

A  =  488nTn 

A  =  514nm 

INTERS.  HALF  ANGLE  <p 

5.237  deg 

5.237  deg 

MCV  DIAMETER  dm 

25.82  pm 

27.22  pm 

LENGTH  OF  MCV  Im 

281.65  pm 

296.9  fj.m 

FRINGE  SPACING  Ax 

2.67  pm 

2.82  pm 

MCV  :  MEASUREMENT  CONTROL  VOLUME 

Table  2  ;  Specifications  of  the  LDA  probe 


The  fiber  based  system  allows  a  relatively  fast  change 
of  the  probe  head  for  application  of  different  tech¬ 
niques  (two-component  /  two-point  measurements) . 
In  the  present  state  a  36mm  two-component  probe 
is  used,  its  specifications  are  given  in  Tab.  2. 

Receiving  Optics/Signal  Processing:  The  light  scat- 
tered  from  tracer  particles  is  collected  through  the 
receiving  aperture  in  backscatter  mode  and  focused 
onto  a  graded  index  fiber  of  50^tm  core  diameter. 
Oil- water  droplets  (mixture  1:1)  with  diameters  of 
2//m  <  dp  <  ^fim  produced  in  a  pressured  air  atom¬ 
izer  are  used  for  seeding.  The  scattered  light,  which 
contains  light  coming  from  both  measurement  vol¬ 
umes,  is  directed  to  a  colour  separation  optic  based 
on  a  combination  of  three  prisms.  Two  photomulti¬ 
pliers  are  mounted  on  the  optics  to  detect  the  sig¬ 
nals.  Counter  processors  (TSI  1980)  are  used  af¬ 
ter  passing  the  signals  through  a  two-channel  down- 
mixer  and  bandpass  filters.  The  data  is  transferred 
to  a  PC  computer  for  further  processing  (Dostek 
1400 A  LDA  Interface). 

3.2  Particle  Image  Velocimeter 

Measurement  System:  For  the  PIV  measurements 
presented  in  this  work  the  FlowMap  PIV  System 
of  Dantec  MT  was  used,  combined  with  a  double 
pulsed  frequency-doubled  Nd:Yag  laser  [Quanta  Ray, 
Spectra  Physics).  The  data  analysis  procedure  was 
based  on  vector  processing  by  computing  the  auto¬ 
correlation  function  of  double  exposured  interroga¬ 
tion  areas.  The  details  of  the  PIV  measurements  are 
as  follows. 

The  in-cylinder  flowfield  was  seeded  by  tracers  as 
mentioned  in  section  3.1.  A  plane  perpendicular  to 
the  cylinder  axis  was  illuminated  through  the  trans¬ 
parent  cylinder  head  by  a  double  pulsed  light  sheet 
(A  =  532nm).  The  light  sheet  was  produced  by  a 
cylindrical  lens,  which  was  mounted  at  the  end  of 
a  light  transmitting  system  designed  by  tubes  and 
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“joint-mirrors”  [light-guiding  arm).  Due  to  the  high 
laser  power  (peak  energy  EpuU  =  300m7)  a  fiber 
based  system  was  not  feasible. 

The  CCD  array  of  the  FlowSense  Camera  comprises 
1024  X  1024  pixels  with  a  pixel  size  of  19/im.  The  ob¬ 
ject/image  magnification  when  mapping  the  whole 
flow  field  was  m  =  f  =  isltZZm  =  ■  The  size 

of  the  interrogation  areas  was  varied  between  32x32 
pixels  and  128x128  pixels,  giving  a  maximum  spatial 
resolution  of  1.172  mm.  A  velocity  bias  is  incorpo¬ 
rated  by  electronic  pixel  shift  (displacing  the  first 
image  a  selected  number  of  pixel  lines)  which  allows 
the  determination  of  the  flow  direction. 

Synchronization  with  RCM  Experiment:  An  impor¬ 
tant  feature  of  the  system  is  its  capacity  for  control¬ 
ling  the  timing  of  all  hardware  components.  The 
experiments  were  synchronized  as  shown  in  Fig.  4. 


f  C-F 


Hydraulic  I 
Compression 


RCM  Hardware 
Components 


FlowMap 

Processor 


Laser 


motor  motor  time  of 

start  stop  record 


R  s  400  ms  (r-2.5Hz) 


Time  t 


A  :TTL  Lbct-RCM  rursynvhreniaiiofl 
B  :  TTL  RCM  •  FlowMap  at  t(Record)-dt(cipen  camera) 
C-F  :  TTL  flush  lamp  1 2  and  Q-switeh  1 .2 


interval  AtwAiT,  measurements  could  be  taken  at 
every  point  in  time  after  stopping  the  cylinder  rota¬ 
tion. 
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Figure  5:  PIV  timing  pulses,  showing  4  overlapping 
runs 

As  shown  in  Fig.  5,  a  series  of  time  interleaved  mea¬ 
surements  have  been  carried  out,  beginning  simul¬ 
taneously  with  the  motor  stop  and  being  delayed 
for  100ms,  200ms,  and  300ms,  respectively.  In  this 
way,  a  sampling  of  At  =  100ms  until  2.4s  after  mo¬ 
tor  stop.  At  =  200ms  until  4.4s  after  motor  stop 
and  At  =  400ms  for  t  >  4.4s  after  motor  stop  has 
been  achieved. 

4.  Data  Processing 

The  processiong  of  the  PIV  data  and  their  subse¬ 
quent  use  to  interpret  the  turbulence  profiles  mea¬ 
sured  with  LDA  can  be  divided  into  the  following 
steps, 

•  determination  of  the  swirl  center  location  for 
a  single  PIV  frame 

•  formulation  of  a  joint  probability  function  de¬ 
scribing  the  local  movement  of  the  mean  veloc¬ 
ity  gradient  in  the  radial  plane  of  the  cylinder 

•  application  of  this  function  using  measured  mean 
velocity  gradients  to  estimate  artifact  turbu¬ 
lence  of  LDA  measurements 

which  are  described  in  sequence  below. 

4.1  Swirl  Center  Location 


Figure  4:  PIV  Timing 

Corresponding  to  the  repetition  rate  of  the  laser 
and  the  readout  time  of  the  camera,  measurements 
could  be  taken  every  400  ms.  Therefore,  the  pro¬ 
gram  had  to  be  synchronized  with  the  periodically 
flashing  pre-lamp  of  the  laser.  A  TTL  signal  from 
the  pre-lamp  (A)  was  used  to  start  the  system:  ro¬ 
tation  -  stopping  the  cylinder  -  start  of  compression. 
The  PIV  Processor  was  then  triggered  (B)  to  con¬ 
trol  the  timing  of  the  camera,  the  laser  flash  lamps 
and  the  Q-switches  (C-F).  By  adjusting  the  time 


Any  attempt  to  localize  the  momentary  position  of 
the  swirl  center  will  necessary  be  an  approximation, 
firstly  because  the  flow  by  definition  is  no  longer  ex¬ 
actly  axisymmetric  and  thus  “center”  must  be  newly 
defined  and  secondly  because  of  the  finite  spatial  res¬ 
olution  of  the  PIV  velocity  data. 

Nevertheless  a  good  approximation  can  be  achieved 
by  restricting  the  search  to  a  more  local  area.  Work¬ 
ing  on  a  X  —  y  coordinate  system,  the  lines  of  zero 
U,V,U  +  V  and  U  —  V  velocity  are  interpolated  (Fig. 
6a)  leading  to  a  first  estimation  of  the  swirl  center 
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Figure  6:  a)  measured  velocity  field,  b)  first  swirl 
center  estimation  and  choice  of  reduced  pixel  set  c) 
final  interpolation  of  swirl  center  location 

location  and  to  a  reduced  set  of  interrogation  spots 
for  further  analysis  (Fig.  6b, c). 

Again  the  lines  of  zero  velocity  are  interpolated  and 
this  reduced  set  results  in  a  zone  where  all  lines 
cross.  The  center  of  a  circle  encompassing  all  cross¬ 
ings  is  specified  as  the  swirl  center.  The  movement 
of  the  swirl  center,  either  in  time  for  the  constant 
rotation  case  or  over  an  ensemble  at  equal  time  de¬ 
lays  for  the  spin-down  case,  can  now  be  expressed 
as  a  joint  probability  function  in  x,  y. 

The  choice  of  this  function  and  the  estimation  of 
its  parameters  is  a  rather  sensitive  step,  since  only 
a  relatively  small  sample  set  is  generally  available. 
For  the  present  work  a  Gaussian  distribution  is  pos- 
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Figure  7:  a)  measured  probability  of  swirl  center 
movement,  b)  fitted  Gaussian  distribution  for 
movement  along  the  x  axis,  c)  Gaussian  fit  using 
clipped  data  (  X  <  ±6.5) 


tulated 


Psc{x,y) 


^TTO'^O’y 


(1) 


where  ax,iXy  are  to  be  determined  from  the  PIV 
measurements. 


An  example  measured  distribution  is  illustrated  in 
Fig.  7a.  Assuming  that  for  x  =  y  =  0  the  variances 
ax  and  ay  are  equal  for  a  sufficiently  large  sample 
size,  the  value  of  ax  is  taken  as  the  variance  of  the 
measured  distribution  along  the  y  =  0  diameter. 

The  subsequent  fit  is  illustrated  in  Fig.  7b  for  the 
case  of  a  constant  rotation  at  300  rpm.  This  par¬ 
ticular  case  shows  outlying  values  in  the  measured 
data.  Some  experimentation  with  data  clipping  (e.g. 
X  <  ±6.5)  before  the  estimation  of  cr^  was  per¬ 
formed,  as  discussed  below  and  illustrated  in  Fig. 
7c. 


4.2  Movement  of  Mean  Velocity  Gradient 

At  the  swirl  center,  the  probability  given  in  Equa¬ 
tion  (1)  can  be  applied  directly  to  describe  move- 
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merit  of  the  velocity  gradient  off  center,  for  instance 
at  the  position  a;o,r/o.  However,  the  values  of  a-^ 
and  ay  are  expected  to  decrease,  ultimately  becom¬ 
ing  zero  at  the  wall. 


The  mean  tangential  velocity  is  therefore  available 
as  an  interpolation  curve  along  the  j/  =  0  diameter, 
A  linear  approximation  can  be  used  locally  at  the 
position  {xo,yo)  in  the  form 


Two  approaches  were  used  to  quantify  this  radial 
damping  of  a^,  ay,  a.  linear  decay  and  a  third  order 


polynomial 

ar  =  a^{0)f{x) 

(2) 

fix)  = 

linear 

fix)  = 

ao  -F  aix  +  a^x"^  -|-  a^x^ 

3rd  order 

polynomial 

where  R  is  the  cylinder  radius.  An  expression  for 
the  movement  of  the  local  mean  velocity  gradient 
can  therefore  be  given  as 


Pu{x',y',xo,yo) 


1 

2Traxixo)ay{xo) 

- 1  r _ _ 1 

g  2  l^o-x(xo)^ 


(3) 


where  a^  and  ay  are  given  as  functions  of  xq.  The 
coordinates  x’,y'  are  now  local  to  xo,yo  {x'  =  x  — 
xo,y'  =  y  -  yo)- 


U^{x,y) —  n{xQ)-\-m{xo) -r  (4) 

where  n(a;Q)  and  m(xo)  is  3'  local  intercept  and  slope 
and  r  ist  the  radius  from  the  geometric  center.  Out 
of  the  y  =  0  diameter  the  y  component  of  the  veloc¬ 
ity  can  be  approximated  by 

Uy[x,y)  ■=  -bm(a;o)x  (5) 

yjx^  + 

The  measured  variance  of  the  fluctuating  tangential 
velocity  component  can  now  be  evaluated  as 

u'^{^o,yo)  =  j  J  ‘iili^,y)Puix',y',xo,yo)dxdy 

(6) 

Assuming  a  linear  mean  velocity  gradient  (Eq.4)  this 
integral  can  be  analytically  solved  : 

n(a;o)  =  0 

<Xx  =  ay  =  a{xo) 


4.3  Application  to  Measured  Mean  Velocity 
Gradient 

The  strategy  to  estimate  the  apparent  turbulent  ve¬ 
locity  measured  by  LDA  is  now  to  first  describe  the 
mean  velocity  field  around  the  measurement  point 
and  then  to  use  the  above  probability  distribution  to 
“sample”  this  field.  The  mean  velocity  field  is  known 
from  LDA  measurements  and  is  assumed  not  to  be 
influenced  by  the  swirl  center  movement,  at  least  to 
first  order.  Such  a  mean  velocity  profile  is  shown  in 
Fig.  8,  together  with  a  numerical  prediction  using  a 
full  Reynolds  Stress  Model  and  low  Reynolds  num¬ 
ber  wall  treatment,  as  described  in  detail  in  [8]. 


Figure  8:  Radial  profile  of  tangential  velocity  at  300 
rpm 


u^{xo,yo)  = 


mV2(0)(l-^)  +m^xl- 

2mxQU(xo,yo)  +  U'^{xQ,yo) 


(7) 

Alternative  to  Eq.(4),  the  actual  measured  mean  ve¬ 
locity  gradient  can  be  used  in  the  integral  of  Eq.(6), 
in  which  case  a  numerical  integration  using  a  9  point 
quadrature  method  is  suitable  [9].  For  this  purpose 
the  measured  mean  velocity  profile  is  first  approxi¬ 
mated  by  a  7th  order  polynomial,  as  shown  in  Fig. 
8. 


5.  Results  and  Discussion 

The  first  results  to  be  presented  are  taken  from  the 
case  of  constant  cylinder  rotation  at  300  rpm  and 
serve  to  illustrate  the  sensitivity  of  various  process¬ 
ing  parameters,  as  introduced  above. 

In  Fig.  9  the  choice  of  ax,ay,  the  integration  lim¬ 
its  and  the  mean  velocity  gradient  is  investigated. 
To  begin,  a^  and  ay  were  computed  using  Gaussian 
fit,  as  illustrated  in  Fig.  7b  and  applied  with  either 
a  linear  or  polynomial  decay  function  to  a  locally 
velocity  gradient  of  the  form  Eq.  (4).  Fig.  9a  com¬ 
pares  the  computed  apparent  turbulence  with  the 
actual  turbulence  (RMS)  measured  with  the  LDA. 
Two  discrepancies  are  immediately  obvious.  In  the 
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center  [r/R  —  0)  the  apparent  turbulence  is  larger 
than  the  measured,  which  is  physically  impossible. 
Furthermore,  the  trend  of  the  apparent  turbulence 
towards  the  wall  is  to  decrease,  whereas  the  mea¬ 
sured  turbulence  remains  approximately  constant. 


Figure  9:  Apparent  and  measured  RMS  velocity  :  a) 
Gaussian  fit  for  cr  and  linear  mean  velocity  profile;  b) 
restricted  (±2(t)  numerical  integration  of  actual 
mean  velocity  profile;  c)  as  in  b)  with  data  clipping 
(±6. 5mm)  for  Gaussian  fit 

Physically  the  integration  of  a  Gaussian  distribution 
to  ±cx)  is  unrealistic.  Therefore  the  integration  was 
repeated  using  limits  of  ±5cr,  ±4(7,  ±3(7  and  ±2(7 . 
In  fact  little  difference  was  observed  so  that  subse¬ 
quent  results  were  computed  using  ±2(7,  which  rep¬ 
resents  about  96%  of  the  probability  mass.  The  next 
step  was  to  use  the  actual  measured  mean  velocity 


gradient,  as  shown  in  Fig.  8,  instead  of  the  linear 
approximation,  Eq.  (4).  The  results  are  shown  in 
Fig.  9b,  which  reflect  also  the  increased  gradient 
towards  the  wall.  Still  however,  the  apparent  tur¬ 
bulence  is  larger  than  the  measured  turbulence  in 
the  center  of  the  cylinder.  Finally  data  clipping  was 
applied  before  the  Gaussian  fitting  of  the  measured 
probability  of  the  swirl  center  movement,  as  illus¬ 
trated  in  Fig.  7c.  This  lead  to  the  results  shown  in 
Fig.  9c,  which  shows  also  the  undipped  result  for 
comparison.  Clearly  the  initial  estimates  of  (7i,,(7y 
are  very  important  and  should  be  based  on  a  larger 
number  of  single  PIV  frames  to  obtain  the  neces¬ 
sary  certainty.  Further  results  have  therefore  been 
computed  using  a  polynomial  decay  of  (Tj,  ,  a  linear 
decay  of  Cy,  an  integration  limit  of  ±2(7  on  the  mea¬ 
sured  mean  gradient  and  data  clipping  for  the  initial 
estimate  oi a x,  cry-  A  final  result  for  the  constant  ro¬ 
tation  at  300  rpm  is  given  in  Fig.  10,  where  the  LDA 
turbulence  data  have  now  been  corrected  by  the  es¬ 
timated  apparent  turbulence. 


<»(Poly.,  cTy  linear  /  ci(num.)  /  clipped  (i6.5  mm) 
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Figure  10;  Radial  profiles  of  turbulence  intensity  - 
comparison  of  numerical  simulated  data,  estimated 
apparent  turbulence,  actual  measured  LDA  data  and 
“corrected "  LDA  data 

The  agreement  with  the  results  from  numerical  sim¬ 
ulation  is  much  improved,  except  near  the  wall.  Nu¬ 
merically  laminar  flow  conditions  are  predicted.  There¬ 
fore  the  remaining  variance  in  the  LDA  data  is  pre- 
sumbly  attributed  to  noise. 

In  Fig.  11  the  measured  mean  velocity  profile  for 
one  spin-down  case  is  shown,  including  the  polyno¬ 
mial  fit  for  subsequent  integrations. 

The  result  of  the  analysis  is  given  in  Fig.  12,  again 
showing  the  measured  turbulence,  the  computed  ap¬ 
parent  turbulence  and  the  corrected  measurements. 
In  this  case,  despite  the  clipping,  the  apparent  tur¬ 
bulence  is  larger  than  the  measured  turbulence  over 
large  regions  of  the  profile.  This  indicates  clearly 
that  the  actual  turbulence  level  is  very  low,  in  fact 
lower  than  the  uncertainty  in  the  corrected  esti- 
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Figure  11  :  Mean  velocity  profile  -  spin-do\wn  case 


Figure  12:  Radial  profiles  of  turbulence  intensity  - 
comparison  of  estimated  apparent  turbulence,  actual 
measured  LDA  data  and  “corrected"  LDA  data 

mates. 

6.  Summary  and  Conclusions 

In  the  present  paper,  a  combined  application  of  the 
LDA  and  the  PIV  techniques  to  investigate  the  con¬ 
tribution  of  large  scale  fluctuations  to  the  turbu¬ 
lence  intensities  measured  by  LDA  has  been  pro¬ 
posed  and  tested.  A  statistical  description  of  the 
vortex  motion  based  on  PIV  measurements  allows 
the  determination  of  apparent  turbulence,  which  ob¬ 
viously  is  related  to  the  precession  of  the  vortex  core. 
A  better  interpretation  and  even  “correction”  of  the 
measured  turbulence  data  is  then  possible.  The  pre¬ 
sented  methodology  offers  a  better  comparison  of  ex¬ 
perimental  and  numerical  results,  even  in  the  pres¬ 
ence  of  three  dimensional  flow  motion,  which  can¬ 
not  be  reproduced  by  numerical  simulations.  The 
results  can  be  summarized  as  follows  : 

I;  A  significant  part  of  the  actual  measured  turbu¬ 
lence  (LDA)  can  be  attributed  to  the  effect  of  vortex 
motion.  “Correction”  of  the  LDA  data  by  estimated 
apparent  turbulence  leads  to  an  improved  agreement 
with  results  from  numerical  simulations. 

II:  For  most  of  the  presented  results  the  apparent 
turbulence  is  larger  than  the  measured  turbulence. 
Since  the  number  of  single  frames  measured  by  PIV 
was  limited  to  a  maximum  of  100,  the  certainty  of 
the  estimated  probability  distribution  of  the  vortex 
core  location,  and  therefore  the  first  estimation  of 


the  ax,  ay  represents  a  very  critical  point. 

Ill:  Parametric  studies  showed  the  sensitivity  of 
various  processing  parameters,  such  as  the  integra¬ 
tion  limits,  the  damping  of  ax  and  ay  towards  the 
wall  and  data  clipping  limits.  Further  work  will  be 
focused  on  a  more  reliable  data  analysis,  based  on 
an  increased  number  of  PIV  frames,  to  increase  the 
certainty  of  ax,  ay-  estimation.  The  data  reduction 
procedure  will  be  refined  to  show  its  potential  for 
a  wide  range  of  applications  as  already  mentioned 
before. 
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ABSTRACT 

A  laser-Doppler  velocimeter  is  used  to  study  the 
aerodynamics  of  the  quenching  process  typical  of  a  “Rich- 
bum,  Quick-quench,  Lean  bum”,  RQL,  gas-turbine 
combustor  making  use  of  a  water  model  of  a  can-type 
combustor.  The  work  extends  previous  analysis  of  the 
mean  and  turbulent  flow  in  this  type  of  combustors  and 
includes  consideration  of  four  different  combustor 
configurations,  which  were  designed  to  allow  to  optimise 
the  mixing  and  cooling  efficiency  of  the  quench  modules 
in  practical  combustors  with  low-NOx  emissions. 

1.  INTRODUCTION 

In  a  previous  paper  we  have  presented  detailed 
velocity  measurements  of  the  mean  and  turbulent  flow  in 
a  model  combustor  associated  with  the  “Rich-bum, 
Quick-quench,  Lean-bum”  concept  (hereinafter  referred  to 
as  RQL,  Anacleto  et  al.,  1996),  which  consider  the 
influence  of  different  parameters  on  the  performance  of 
the  combustor,  such  as  the  swirl  level  in  the  rich  zone,  the 
geometry  of  the  quench  holes,  and  the  momentum  of  the 
inflowing  jets  on  the  internal  flow  field.  The  flows 
studied  encompassed  Reynolds  numbers  based  on  the  bulk 
axial  velocity  at  the  outlet  of  the  model  about  10^,  which 
are  representative  of  real  combustor  flows  (Bahr,  1995; 
Joos  and  Pellisheck,  1995)  and  are  extended  in  this  paper 
to  the  study  of  a  set  of  new  combustor  configurations. 

Typically,  an  RQL  combustor  consists  of  three  main 
zones,  as  follows;  i)  a  fuel-rich  primary  zone  where  NOx 
formation  is  reduced  due  to  low  temperature  and  non- 
stoichiometric  conditions;  ii)  a  quench  zone,  where  the 
transition  from  fuel-rich  to  fuel-lean  combustion  should 
be  obtained  through  rapid  mixing  of  the  rich  mixture  with 
dilution  air  jets,  namely  by  accelerating  the  flow  in  order 
to  limit  the  residence  time  in  potential  stoichiometric 
regions;  and  iii)  a  lean  zone  where  the  unbumed  products 
will  bum  for  fuel-lean  conditions.  The  work  has  been 
derived  from  the  need  to  extend  knowledge  of  preliminar 
full-scale  combusting  experiments,  which  have  been 
shown  to  be  limited  in  extent,  time  and  the  skills  required. 
The  prime  objectives  are  to  improve  understanding  of 
major  flow  features  and  of  the  effect  of  the  details  of  the 
combustor  geometry  on  the  flow  pattern,  as  well  as  to 
provide  the  basis  for  the  numerical  calculation  of  the  flow 
in  this  type  of  combustors.  In  this  context,  the  previous 


results  have  shown  that  the  development  of  this  type  of 
combustors  is  particularly  limited  by  the  mixing  pattern 
downstream  of  the  quench  zone,  which  is  strongly 
influenced  by  the  effectiveness  of  the  penetration  of  the 
dilution  jets  at  the  quench  stage.  Other  major  questions 
include  the  effectiveness  of  the  wall  cooling  and  the 
carbon  production  in  the  primary  zone.  The  solution  of 
these  technical  problems  demands  a  detailed 
understanding  of  the  internal  flow  stmeture  in  these  new 
type  of  combustors  and  this  paper  is  aimed  at  studying  the 
cooling  and  mixing  patterns  in  the  quench  zone  of  a 
configuration  with  practical  relevance. 

It  is  known  that  measurements  of  the  complete 
velocity  field  in  real  combustors  under  burning  conditions 
are  extremely  difficult,  if  not  impossible,  and  recourse  has 
been  made  to  the  study  of  isothermal,  constant  density 
systems  (e.g.  Bicen  et  al.,  1989;  McGuirk  and  Palma, 
1995).  For  these  constant  density  experiments,  the  use  of  a 
water  flow  in  a  Plexiglas  model  is  often  preferred  due  to 
the  possibility  of  optical  access  and  the  easy  of  laser- 
Doppler  velocity  measurements  in  water  flows  (Heitor, 
1989).  To  achieve  these  objectives,  a  primary  measure  to 
consider  in  model  combustors  is  to  use  similar  flow  splits 
along  the  combustor,  namely  through  adequate  control  of 
primary  and  secondary  flows  (Anacleto  et  al.,  1996).  The 
work  reported  in  this  paper  considers  these  aspects  in 
terms  of  the  analysis  of  the  flow  in  a  Plexiglass  model  of  a 
practical  RQL  combustor,  which  was  scaled  at  1:1, 
keeping  similar  flow  splits. 

The  model  combustor  is  described  in  the  following 
section.  Section  3  describes  briefly  the  experimental 
techniques  and  procedures  used  and  Section  4  presents 
and  discusses  sample  results  obtained.  The  main 
conclusions  of  the  work  are  summarised  in  section  5. 

2.  THE  MODEL  COMBUSTOR  GEOMETRY 

Figure  1  shows  the  layout  of  the  test  model,  which 
consists  of  three  different  modules  (namely,  rich,  quench 
and  lean)  assembled  concentrically  inside  a  larger 
peripheric  can  with  a  diameter  of  00=125  mm  and  with 
400  mm  in  length,  so  that  a  surrounding  annular  water 
flow  is  formed  to  feed  the  liner  inlet  ports  accordingly  to 
the  related  pressure  drops.  The  model  was  immersed  in  a 
rectangular  water  tank  to  avoid  the  effects  of  refraction  of 
the  laser  beams  at  the  curved  surface  of  the  model. 
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1  -  swirler 
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Figure  1.  Schematic  drawing  of  the  model  combustor 


a)  b) 


Figure  2.  Schematic  drawing  of  the  quench  module 
a)  Basic  configuration  (Runs  A  and  B);  b) 
modified  geometry  (Runs  C  and  D) 


The  primary  flow  enters  the  model  via  an  inner 
stainless  steel  pipe  with  40  mm  inside  diameter, 
which  provides  an  orifice  meter  and  a  valve  to 
measure  and  regulate  the  primary/secondary  flow 
ratio.  The  primary  flow  is  then  directed  to  the  head  of 
the  combustor  through  a  diverging  pipe.  A  coaxial 
swirler,  similar  to  that  used  in  the  real  combustor,  is 
fitted  around  the  fuel  atomizer  at  the  head  of  the 


model.  For  the  results  reported  here  the  fuel  atomizer 
was  blocked. 

The  rich  module  consists  of  a  cylindrical  barrel  of 
80  mm  internal  diameter  and  62  mm  length.  Figure 
2a)  shows  the  quench  module,  which  is  located  just 
downstream  of  the  rich  module  and  consists  of  a  20 
mm  length  truncated  cone,  providing  a  5:8  area 
contraction  and  followed  by  a  20  mm  length  constant 
section  of  63  mm  inside  diameter  with  eight  holes 
disposed  symmetrically  along  the  wall.  Part  of  the 
secondary  stream  is  diverted  through  these  holes, 
providing  jets  emerging  normally  to  the  direction  of 
the  primary  stream  to  simulate  the  quench  jets  in 
practical  combustors.  At  the  junction  of  the  rich  with 
the  quench  module,  there  is  an  annular  passage  with  8 
mm  in  width,  which  could  be  partially,  or  totally, 
blocked  to  allow  the  study  of  different  mixing  patterns 
in  the  combustor.  Part  of  the  secondary  stream  is 
diverted  into  the  primary  flow  through  this  passage  to 
simulate  the  wall-cooling  jet  in  the  practical 
combustors,  which  flows  along  the  contraction  wall  at 
42  degrees  with  the  direction  of  the  primary  stream. 

An  additional  ring,  as  presented  in  Figure  2b,  can 
be  assembled  at  the  internal  surface  of  the  quench 
module,  upstream  of  the  single-row  arrangement.  It 
looks  like  a  “crow”  of  eight  teeth  equispaced,  dividing 
the  original  annular  flow  in  eight  distinguished  jets. 
Between  the  rich  module  and  those  teeth,  there  is  an 
annular  gap  of  2  mm  to  simulate  the  film  cooling  in 
practical  combustors. 
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with  0.8  mm  in  diameter  discharge  part  of  the 
secondary  fluid  into  the  primary  flow,  which  simulates 
the  air  used  to  cool  the  wall  in  this  region. 


The  third  module,  which  simulates  the  lean  zone 
in  practical  combustors,  includes  a  98  mm  diameter 
cylinder  with  76  mm  in  length.  At  the  expansion 
between  the  quench  and  the  lean  zone,  96  small  holes 

Table  1.  Flow  Conditions 


RUN 

Main  geometric  features 

Un  (m/s) 

A 

Basic  configuration 
(Run  1  of  Anacleto  et  al.,  1996) 

7.5 

73 

0.621 

B 

Absence  of  annular  cooling  iet 

7.5 

73 

0.621 

C 

Cooling  jet  partially  blocked,  resulting  in  8  jets 
located  between  each  pair  of  quench  jets 

7.5 

66 

0.621 

D 

Similar  to  RUN  C,  but  with  4  quench  holes  with 
an  incresed  diameter  of  012  mm. 

7.5 

75 

0.621 

3.  THE  EXPERIMENTAL  TECHNIQUES  AND 
PROCEDURES 

3.1  The  Laser-Doppler  Velocimeter 

The  mean  and  fluctuating  velocities  of  the  flow  in 
the  model  combustor  were  measured  by  a  laser- 
Doppler  velocimeter  based  on  a  2W  Argon-Ion  laser 
and  operated  in  the  dual-beam,  forward-scatter  mode 
with  sensitivity  to  the  flow  direction  provided  by 
light-frequency  shifting  from  acousto-optic 
modulation  (Bragg  cells),  normally  set  at  2  MHz, 
figure  3.  The  light  scattered  by  naturally  occurring 
centres  in  the  water  was  collected  by  a  lens  (focal 
length  of  200  mm)  and  focused  onto  the  pinhole 
aperture  (0.3  mm)  of  a  photomultiplier  (OEl,  type 
LD-0-810)  with  a  magnification  of  1.0.  The  output  of 


the  photomultiplier  was  band-pass  filtered  and  the 
resulting  signal  processed  by  a  commercial  frequency 
counter  (TSI  1980-B),  which  was  operated  in  the 
single-measurement-per-burst  mode  with  fixed  cycles 
(N=8)  validated  in  the  time  domain  within  1%.  The 
validated  data  were  transferred  to  a  laboratory  16-bit 
minicomputer,  where  the  time  averaged  moments  of 
velocity  were  evaluated. 

The  complete  LDV  system  was  mounted  on  a 
three-dimensional  traversing  unit,  allowing  the 
positioning  of  the  laser-velocimeter  control  volume 
within  +  0.25  mm.  Measurements  were  obtained  with 
the  laser  beams  in  the  horizontal  and  vertical  planes 
and  by  traversing  the  control  volume  along  the 
horizontal  and  vertical  directions  to  allow  the 
determination  of  the  axial,  U,  radial,  V  and 
tangential,  W,  mean  and  turbulent  velocities. 


Interface 

Counter-PC 

Counter 

Filter 
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Table  2.  Flow  Split  along  the  Combustor 
(as  %  of  the  total  flow  rate) 


RUN 

Xp  (%) 
(flowmeter) 

Xi 

(%) 

Xq 

(%) 

Xm 

(%) 

X-d 

(%) 

1 

24 

29 

10 

— 

27 

2 

24 

38 

11 

— 

27 

3 

15 

31 

13 

8 

33 

4 

25 

0.0 

18 

— 

57 

The  accuracy  of  the  laser-Doppler  measurements 
presented  here  has  been  discussed  by  Anacleto  et  al. 
(1996)  and  is  not  repeated  here.  Spectral  analysis  of 
LDA  signals  was  carried  out  by  sampling  and  holding 
the  velocity  at  each  Doppler  burst  until  another  valid 
signal  arrives.  A  mean  sampling  frequency  of  2  KHz 
was  used,  suggesting  that  structures  of  the  order  of 
1.0mm  and  above  can  be  resolved.  This  is  at  least 
one  order  of  magnitudes  smaller  than  the  expected 
length  scales  in  the  flow,  which  implies  that  the 
energy  containing  motions  are  resolved  by  the 
counter  (Adrian  and  Yao,  1985). 

3.2  The  Flows  Considered 

A  primary  measure  to  guide  the  use  of  water 
models  in  the  study  of  gas-turbine  combustors  is  to 
establish  adequate  flow  splits  (e.g.  Bicen  et  al., 
1989).  This  has  been  achieved  in  the  present  work 
through  a  detailed  analysis  of  the  secondary  flow,  as 
described  in  Anacleto  et  al.  (1996). 

Table  2  summarises  the  flow  split  along  the 
combustor  for  the  four  conditions  specified  in  table  1, 
which  allow  to  study  the  influence  of  the  momentum 
of  the  inflowing  jets  on  the  internal  flow  field.  The 
flows  studied  encompassed  Reynolds  numbers  based 

on  the  bulk  axial  velocity  at  the  outlet  of  the  model, 
5 

about  10  ,  which  are  representative  of  real  combustor 
flows. 

4.  RESULTS  AND  DISCUSSION 

Figure  4  shows  sample  results  characteristic  of 
the  mean  flow  along  the  model  combustor  for  the 
four  runs  of  table  1,  which  show  that  the  main 
features  of  the  flow  are  as  follows;  i)  a  swirl  driven 
recirculation  zone  in  the  rich  zone,  which  is 
surrounded  by  a  shear  layer  characterised  by  large 
velocity  fluctuations  and  limited  in  extent  by  the  flow 
in  the  quench  zone;  ii)  an  outer  recirculation  zone  of 
low  intensity  close  to  the  wall  in  the  rich  zone,  which 
is  limited  by  the  contraction  at  the  entrance  of  the 
quench  module;  iii)  a  reduced  penetration  of  the 
quench  jets,  in  particular  for  Runs  A,  C  and  D,  which 
is  in  part  limited  by  the  impingement  of  the  annular 
cooling  jet;  and,  except  for  Run  B  and  partially  for 


Run  D,  iv)  a  central  core  of  fluid,  rotating  as  a  solid 
body,  which  extends  along  the  centreline  from  the 
primary  zone  up  to  the  exit  of  the  combustor  and 
exhibits  a  significant  swirl  component  at  the  outlet  of 
the  lean  zone. 

The  performance  of  this  type  of  combustor  is 
strongly  influenced  by  the  mixing  rates  at  the  quench 
stage  and  by  the  momentum  transfer  throughout  the 
combustor  (eg.  Bahr,  1995).  For  example,  the  central 
core  of  rotating  fluid  up  to  the  outlet  of  the  model  is  a 
feature  that  should  clearly  be  avoided  in  any 
combustor  design.  For  the  present  flow  conditions,  it 
can  be  easily  identified  through  the  double  “S”  shape 
of  the  mean  axial  velocity  profiles  in  the  lean  zone, 
figure  5,  which  is  a  direct  result  of  the  laek  of 
penetration  of  the  quench  jets  through  the  primary 
flow  in  Runs  A  and  C.  The  analysis  shows  that 
improved  mixing  patterns  at  the  quench  zone  can  be 
achieved  by  increasing  the  penetration  of  the  quench 
jets,  namely  by  blocking  the  annular  cooling  jet  (Run 
B)  or  by  increasing  the  flow  through  the  jets  (Run  D). 

The  results  obtained  for  Run  B,  which  considers 
with  the  inlet  port  of  the  cooling  jet  closed,  shows 
that  increasing  the  flow  rate  of  the  quench  jets  and 
the  radial  velocity  at  the  entrance  of  the  quench  jets 
by  about  60%,  increases  their  penetration,  but  allows 
the  central  recirculation  zone  to  extend  up  to  the 
plane  of  the  quench  jets.  In  fact,  the  pressure 
distribution  imparted  by  the  annular  jet  in  Run  A  is 
essential  to  keep  the  swirl  induced  recirculation  zone 
within  the  rich  zone  of  the  combustor  and,  thus,  to 
avoid  combustion  reactions  to  propagate  down  to  the 
quench  stage  in  practical  combustors. 

In  addition,  the  annular  cooling  jet  increases  the 
axial  velocity  of  the  mainstream  close  to  the  wall, 
decreasing  the  momentum  flux  ratio  between  the 
quench  jets  and  the  crossflow  and,  consequently,  the 
penetration  the  quench  jets  through  the  mainflow. 
However,  it  should  be  noted  that  this  is  not  a  suitable 
solution  for  practical  RQL  combustors,  due  to  the 
lack  of  cooling  in  the  front  wall  of  the  rich  zone. 

For  the  flow  conditions  of  Run  B,  the  primary 
flow  interacts  with  a  smaller  mass  rate  of  non¬ 
swirling  fluid  and  the  quench  jets  are  only  able  to 
deflect  the  swirling  flow  towards  the  centreline.  As  a 
result,  the  core  fluid  in  the  quench  module  now 
rotates  with  an  angular  velocity  about  twice  larger 
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Figure  5  -  Mean  velocity  profiles  in  the  dilution  zone  (x/Do=1.17 ) 

a)  steramwise  velocity  component ;  b)  tangential  velocity  component 


than  in  the  standard  case,  Run  A.  At  the  lean  zone, 
the  axial  mean  velocity  exhibits  a  single  peak  at  the 
centreline,  due  to  the  absence  of  the  annular  cooling 
jet  and  the  angular  motion  diffuses  radially  outwards, 
giving  rise  to  a  rotating  pattern  over  all  the  cross- 
section  of  the  combustor. 

The  results  obtained  for  Run  C  quantify  the 
effects  of  partially  blocking  the  annular  cooling  jet  in 
the  flow  pattern,  figure  4c),  and  are  associated  with  a 
decrease  in  the  total  mass  flow  rate  of  the  cooling  jets 
by  about  20%,  while  that  of  the  quench  jets  increased 
by  about  30%.  The  quench  holes  arrangement  is 
similar  to  that  of  the  standard  case.  Run  A,  and, 
consequently,  the  quench  jets  emerges  necessarily 
with  a  radial  velocity  30%  larger  than  that  of  the 
standard  case.  Despite  the  increase  of  the  momentum 
flux  ratio  between  the  quench  jets  and  the  mainstream 
flow,  the  mean  velocity  field  in  the  lean  zone  show 


quantitative  features  similar  to  those  observed  in  the 
standard  case,  with  the  central  vortex  core  extending 
up  to  the  outlet  of  the  model  combustor.  In  general, 
the  analysis  shows  that  the  increased  penetration 
achieved  by  the  quench  jets  is  not  enough  to  promote 
an  efficient  mixing  downstream  the  quench  zone. 

On  the  other  hand,  when  the  flow  rate  of  the 
quench  jets  is  increased  by  to  80%  of  the  standard 
case,  the  results  for  Run  D  shows  that  the  axial  mean 
velocity  profile  at  the  outlet  of  the  lean  zone,  figure 
4d),  exhibits  a  single  central  peak,  although  the  mean 
tangential  velocity  profile  still  suggests  the  existance 
of  a  rotating  core.  This  results  in  a  flow  pattern 
closer  to  that  theoretical  desired  for  the  combustor 
and  confirms  the  need  for  an  accurate  adjusting  of  the 
geometry  of  the  quench  module,  if  the  correct  mixing 
pattern  is  to  be  established  in  the  combustor. 
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We  now  turn  to  the  analysis  of  the  turbulent  flow 
in  the  combustor  and  figure  6  shows  sample  profiles 
of  axial,  radial  and  tangential  velocity  fluctuations  for 
Run  A.  The  central  flow  in  the  primary  zone  is 
surrounded  by  a  shear  layer  with  large  positive 
gradients  of  the  mean  axial  and  tangential  velocities, 
where  maximum  turbulent  fluctuations  occur  with 

local  values  up  to  =  1,9  Uq-  These  values  are 
comparable  with  other  published  in  the  literature  (eg. 
Koutmos  and  McGuirk,  1989;  Palma  and  McGuirk, 
1995),  and  suggest  the  likely  representativity  of  the 
present  flow  pattern.  The  results  are  typical  of  high 
strained  recirculating  flows  with  swirl,  suggesting  the 
likely  contribution  of  streamline  curvature  to 
turbulent  production  and  transport.  Although  the 
detailed  analysis  of  the  turbulent  flow  requires 
plotting  the  results  in  streamline  coordinates,  figure  6 
shows  also  that  the  magnitude  of  the  axial  velocity 
fluctuations  in  the  primary  zone  is  larger  than  those 
in  the  radial  and  tangential  directions,  with  maxima 
differences  up  to  40%. 

In  spite  of  the  lack  of  optical  access,  which 
precluded  measurements  to  be  obtained  in  the 
stagnation  region,  it  is  likely  that  the  radial  velocity 
fluctuations  increase  further  downstream,  as  observed 
in  other  recirculating  flows  with  a  free  stagnation 
point,  because  the  relative  magnitude  of  the  three 
fluctuating  velocity  components  is  altered 
downstream  of  the  quench  module.  These  features 
suggest  the  likely  importance  of  the  generation  of 
turbulent  kinetic  energy  through  the  interaction 
between  normal  strains  and  normal  stresses  and  are 
important  to  be  noted  because  they  imply  that 
calculations  using  a  scalar  effective-viscosity 
turbulence  model  (eg.  Coupland  and  Priddin,  1987, 
McGuirk  and  Palma,  1992)  will  be  inaccurate,  at  least 
for  the  turbulence  upstream  of  the  exit  of  the 
combustor. 

The  velocity  fluctuations  in  the  quench  zone  peak 
in  the  highly  strained  shear  layer  surrounding  the 
quench  flow  and  show  larger  values  in  the  axial 
direction  in  accordance  with  the  generally  accepted 
mechanism  of  production  of  turbulent  kinetic  energy 
by  the  interaction  between  turbulent  motion  and  the 


mean  rate  of  shear  strain.  As  noted  before,  the 
tangential  and  radial  velocity  fluctuations  in  the 
central  part  of  the  flow  have  local  maximum  with 
values  about  twice  larger  than  those  of  fiF.  Similar 
trends  have  been  reported  by  Green  and  Whitelaw 
(1983),  and  Koutmos  and  McGuirk  (1989)  and  have 
been  attributed  by  Bicen  et  al.  (1989)  to  the 
impingement  of  opposed  jets  at  the  centreline. 

The  anisotropy  of  the  turbulent  flow  observed  so 
far  in  some  zones  of  the  flow  may  raise  the  question 
of  whether  velocity  fluctuations  are  associated  with 
unsteady  mechanisms,  such  as  processing  of  the 
vortex  core  or  vortex  shedding  in  highly  strained 
regions.  The  existence  of  such  mechanisms  would 
not  only  affect  the  performance  of  the  combustor,  but 
also  would  invalidate  any  attempt  to  simulate  the 
flow  with  numerical  models  based  on  steady 
equations  (McGuirk  and  Palma,  1995-b).  In  order  to 
address  this  question,  the  probability  density 
functions  of  velocity  fluctuations  and  the  related 
spectra  were  analysed  and  sample  results  are 
presented  in  figure  7.  Bimodal  probability 
distributions  were  not  observed  throughout  the 
measurable  flow,  suggesting  that  instabilities,  if 
present,  do  not  contain  enough  energy  to  dominate 
over  the  turbulence  generated  fluctuations. 

Figure  8  provides  results  of  the  turbulent 
velocities  for  the  various  runs  considered  in  this 
paper  and,  in  general,  show  characteristics  similar  to 
those  discussed  above  for  Run  A.  An  exception  to  be 
noted  is  that  derived  from  the  fact  that  the  quench  jets 
in  Run  B  induce  large  azimuthal  gradients  of  mean 
and  fluctuating  velocities,  which  promotes  turbulent 
mixing.  In  fact,  the  impingement  of  opposed  jets  in 
the  centre  of  the  combustor  enhances  turbulent 
production,  giving  rise  to  velocity  fluctuations  about 
five  times  larger  than  in  the  standard  case.  This  is 
clearly  observed  either  in  the  shear  layer,  where 
turbulent  fluctuations  are  mainly  due  to  shear  induced 
mechanisms,  or  in  the  vicinity  of  the  centreline  where 
the  contribution  of  normal  strains  to  turbulence 
production  is  expected  to  be  important  (e.g.  Heitor 
and  Whitelaw,  1986). 


spectrum  of  axial  vel.  fluctuation 


Figure  7  -  Power  Spectral  density  of  velocity  fluctuations  obtained  in  the  shear  layer  surrounding  the  central 
recirculation  zone  for  Run  A 
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Figure  8  -  Turbulent  velocity  profiles  in  the  dilution  zone  (x/Do  =1.17) 

a)  rms  of  tangential  velocity  fluctuation 

b)  rms  of  axial  velocity  fluctuations 


5.  CONCLUSIONS 

A  laser-Doppler  velocimeter  was  used  to  study 
the  details  of  the  mixing  pattern  typical  of  RQL 
combustors  for  four  different  geometric  conditions. 
The  results  quantify  the  flow  pattern  induced  by  the 
annular  jet  used  to  cool  the  front  wall  of  the  rich 
module  and  by  the  quench  jets.  The  analysis  suggest 
that  the  optimum  penetration  of  the  quench  jets  is 
achieved  without  blocking  the  annular  cooling  flow, 
but  by  increasing  the  angle  of  the  inlet  section  of  the 
cooling  jet  at  the  entrance  of  the  quench  module. 

Enhanced  turbulent  fluctuations  can  be  achieved 
by  increasing  the  momentum  of  the  quench  jets 
relatively  to  the  axial  momentum  of  the  annular 
cooling  jet.  However,  a  serious  limitation  is  expected 
since  the  pressure  distribution  imparted  by  the 
annular  jet  is  essential  to  keep  the  swirl  induced 
recirculation  zone  within  the  rich  zone  of  the 
combustor,  namely  to  avoid  combustion  reactions  to 
propagate  down  to  the  quench  stage  in  practical 
combustors. 

ACKNOWLEDGEMENTS 

The  authors  are  pleased  to  acknowledge  many 
useful  discussions  with  Yves  Bouchier,  SNECMA, 
Hans  Kaaling,  VOLVO  and  Fabio  Turrini,  FIAT 
Avio.  The  rig  was  built  in  the  Turin  facilities  of 
FIAT  Avio  and  was  adapted  at  the  IST’s  workshop, 
under  the  BRITE/EURAM  project  “Low-Emission 
Combustion  Technology”,  contract  no.  AER2-CT92- 
0036. 

The  contribution  of  Merss.  Carlos  Carvalho  and 
Jorge  Coelho  in  preparing  the  manuscript  is 
appreciated. 


REFERENCES 

Adrian,  R.J.  and  Yao,  C.S.  (1985).  “Power 
Spectra  of  Fluid  Velocities  Measured  by  Laser- 
Doppler  Velocimetry.  ASME,  Winter  Annual 
Meeting,  Miami  Beach,  Florida,  November  17-22, 
1995. 

Anacleto,  P.  M.,  Heitor,  M.  V.  and  Moreira,  A.  L. 
N.  (1996).  “The  Mean  and  Turbulent  Flowfield  in  a 
Model  RQL  Gas-Turbine  Combustor”,  Accepted  for 
publication  in  “Experiments  in  Fluids”. 

Barh,  D.  (1995).  “Aircraft  turbine  engine  NOx 
emission  abatement”.  In:  “Unsteady  Combustion”, 
eds.  Culick,  Heitor  and  Whitelaw,  Kluwer  Academic 
Publ.,  NATO  ASI  series,  Vol.  E306,  pp  243-264. 

Bicen,  A.  F.,  McGuirk,  J.  J.  and  Palma,  J.  M.  L. 
M.  (1989).  "Modelling  gas  turbine  combustor  flow 
fields  in  isothermal  flow  experiments,"  Journal  of 
Power  Engineering,  203.  pp  113-122. 

Coupland,  J.  And  Priddin,  C.  H.  (1987). 
“Modelling  the  Flow  and  Combustion  in  a 
Production  Gas  Turbine  Combustor”,  In:  ‘Turbulent 
Shear  Rows  5”.  eds.  Durst  et  al.,  Springer-Verlag,  pp 
310-323 

Green,  A.  S.  and  Whitelaw,  J.  H.,  1983. 
“Isothermal  models  of  gas-turbine  combustors,” 
Journal  of  Fluid  Mechanics,  126.  pp.  399-412. 

Heitor,  M.  V.  (1989).  "Velocity  and  scalar 
measurements  in  model  and  real  gas  turbine 
combustors".  In:  “Instrumentation  for  Combustion 
and  Flow  in  Engines”.  D.  F.  G.  Durao  et  al.  (eds.), 
Kluwer  Academic  Publ,  Nato  Asi  Series,  Vol  E154pp 
1-44. 

Heitor,  M.  V.  and  Whitelaw,  J.  H.  (1986). 
"Velocity,  Temperature  and  Species  Characteristics 
of  the  Flow  in  a  Gas-Turbine  Combustor," 
Combustion  and  Flame,  M,  pp  1-32. 


19.2.8 


Joos,  F.  and  Pellischeck;  G.  (1995).  "Low 
Emission  Combustor  Technology".  In:  "Advances  in 
Engine  Technology".  Ed.  R.  Dunker,  John  Willy  & 
Sons. 

Koutmos,  P.  and  McGuirk,  J.J.,  1989. 

“Investigation  of  swirler/dilution  jet  flow  split  on 
primary  zone  flow  patterns  in  a  water  model  can-type 
combustor,”  Transactions  of  the  ASME,  Journal  of 
Engineering  for  Gas  Turbines  and  Power,  111,  pp. 
310-317. 

McGuirk,  J.J.  and  Palma,  J.M.L.M.  (1992). 
“Calculations  of  the  Dilution  System  in  an  Annular 


Gas  Turbine  Combustor,”  AIAA  Journal,  Vol.  30,  pp. 
963-972. 

McGuirk,  J.  J.  and  Palma,  J.  M.  L.  M.  (1995a). 
“Experimental  Investigation  of  the  Flow  Inside  a 
Water  Model  of  a  Gas  Turbine  Combustor.  Part  1; 
Mean  and  Turbulent  Flowfield,”  Journal  of  Fluids 
Engineering,  117. 

McGuirk,  J.  J.  and  Palma,  J.  M.  L.  M.  (1995b). 
“Experimental  Investigation  of  the  Flow  Inside  a 
Water  Model  of  a  Gas  Turbine  Combustor.  Part  2: 
Higher  Order  Moments  and  Flow  Visualization”.  To 
appear  in  the  Journal  of  Fluids  Engineering,  117. 


19.2.9 


THE  TURBULENT  3D  FLOW  FIELD  IN  A  ROTATING  ANNULAR  FLUME 


V.  Spork,  A.  Cuppers  and  J.  Kongeter 


Institute  of  Hydraulic  Engineering  and  Water  Resources  Management  (IWW) 
Aachen  University  of  Technology,  Germany 


ABSTRACT 

In  this  paper  measurements  of  the  flow  field  in  a 
rotating  annular  flume  are  described.  This  flume  con¬ 
tains  of  a  rotating  top  lid  and  a  rotating  flume  (Fig.  1) 
and  is  used  for  investigations  on  transport  processes  of 
cohesive  sediments.  Due  to  the  curvature  of  the  flume 
a  complex  3D  flow  field  is  generated,  resulting  in 
unknown  influences  on  the  experimental  results. 

By  simultaneous  rotation  of  the  top  lid  and  of  the 
flume  itself  optimised  conditions  for  experiments  can 
be  established.  To  get  values  for  the  turning  velocities 
of  the  top  lid  and  the  flume  extensive  studies  of  the 
flow  field  were  made  for  the  annular  flume  at  the  Insti¬ 
tute  of  Hydraulic  Engineering  and  Water  Resources 
Management  (IWW),  Aachen  University  of  Technol¬ 
ogy,  Germany.  The  measurements  were  carried  out 
with  a  ID  laser  Doppler  velocimeter  system.  All  in¬ 
struments  are  mounted  on  the  rotating  flume  construc¬ 
tion.  Different  ratios  of  top  lid  and  flume  speed  as  well 
as  different  water  depths  were  investigated. 

Optimised  ratios  could  be  determined  for  two  differ¬ 
ent  criteria  in  the  annular  flume.  For  an  erosion  ex¬ 
periment  a  uniform  distribution  of  the  bottom  shear 
stress  (criteria  1)  is  necessary  and  for  deposition  ex¬ 
periments  minimised  secondary  flow  circulations 
(criteria  2)  have  to  be  established  in  the  flume. 

Comparing  the  results  of  the  annular  flume  ex¬ 
periments  at  the  IWW  with  other  investigations 
showed  a  good  agreement,  even  if  the  annular  flumes 
are  not  exactly  comparable  in  dimensions. 

1.  INTRODUCTION 

Rotating  annular  flumes  (Fig.  1)  are  used  for  inves¬ 
tigations  on  erosion  and  deposition  processes  of  cohe¬ 


sive  sediments.  The  annular  flume  (Fig.  1)  consist  of  a 
circular  flume  (mean  diameter:  3.25  m,  channel  width: 
0.25  m)  and  a  circular  top  lid  (variable  water  depth). 
The  top  lid  at  the  water  surface  drives  the  water  and  the 
rotational  motion  induces  a  secondaiy  current  in  radial 
direction  within  the  flume  resulting  in  a  complex  3D 
flow  field.  To  minimise  the  secondaiy  current  near  the 
bottom  of  the  flume,  the  channel  and  the  top  lid  can  be 
rotated  separately  in  both  directions.  The  rotational 
speeds  for  the  flume  ©f  and  the  top  lid  ©t  well  as 
the  ratio  ©t/©f  have  to  calibrated  carefully  to  get  useful 
experimental  conditions  for  investigations  bn  cohesive 
sediment  transport.  In  previous  investigations  the 
calibration  of  the  rotational  speeds  of  the  top  lid  and 
the  flume  were  done  visually  by  observing  the  move¬ 
ment  of  plastic  beads  on  the  bottom  of  the  flume 
and/or  by  the  use  of  Prandtl  tubes  for  velocity  meas¬ 
urements  (Spork  et  al.  1994).  To  improve  this  calibra¬ 
tion  and  to  get  detailed  information  about  the  3D  flow 
field  in  the  annular  flume  at  the  IWW  extensive  meas¬ 
urements  were  carried  out  by  using  the  laser  Doppler 
velocimetry  (LDV)  technique. 


2.  EXPERIMENTAL  SETUP 
2. 1  Instrumentation 

The  measurements  were  done  by  using  a  ID  back 
scatter  fibre  optic  10  mw  laser  Doppler  system 
(DANTEC  FlowLite).  This  system  was  chosen,  be¬ 
cause  the  instruments  have  to  be  mounted  on  the  flume 
and  have  been  rotating  with  the  channel,  so  that  a 
water  cooled  and  heavy  laser  system  was  not  conven¬ 
ient  for  use.  The  focal  distance  of  the  front  lens  was 
250  mm  resulting  in  a  measuring  volume  with  a 
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Fig.  1  Annular  flume  at  the  IWW,  Aachen  University  of  Technology 


length  of  1.92  mm  and  a  width  of  0.15  mm.  A  Fast- 
Fourier-Transformation  (FFT)  Doppler  burst  signal 
processing  unit  (DANTEC  BSA)  was  used  for  data 
analysis.  The  probe  was  mounted  on  a  traversing  sys¬ 
tem  which  allowed  radial  and  vertical  displacement  of 
the  probe.  For  the  measurements  of  the  velocity  com¬ 
ponents  u  and  w  the  probe  was  mounted  at  the  inner 
wall  of  the  flume  and  for  the  velocity  components  u 
and  V  at  the  bottom  of  the  flume  (Fig.  2). 


Fig.  2  Sketch  of  velocity  components 


All  laser  equipment  and  instruments  were  mounted 
on  the  lower  support  construction  of  the  flume  and 
were  rotating  with  the  flume.  Power  was  transmitted 
by  a  slipring  assembly  (Fig.  1)  and  an  IEEE  interface 
was  established  in  the  same  way.  In  this  configuration 
the  measurements  could  be  easily  remote  controlled  by 
a  PC  from  outside  the  flume. 

All  measurements  were  carried  out  at  one  cross  sec¬ 
tion  with  a  width  of  0.25  m  and  a  depth  of  0.175  m 
respectively  0.25  m  during  the  first  experiments.  To 
prove  the  results  of  this  first  calibration  another  series 
of  experiments  with  a  water  depth  of  0.325  m  is  actu¬ 
ally  carried  out  at  the  IWW.  The  near  bottom  region 
was  measured  at  a  level  of  2,  5  and  10  mm.  In  horizon¬ 
tal  direction  the  measuring  mesh  has  a  width  of  10 
mm,  except  for  the  side  walls,  where  an  additional 
measurement  at  a  distance  of  5  mm  was  performed 
(Fig.  3).  The  whole  cross  section  was  divided  in  728 
measuring  points  for  a  water  depth  of  0.25  m  and  in 
520  measuring  points  (Fig.  3)  for  a  water  depth  of 
0.175  m.  With  the  used  traversing  system  it  was  pos¬ 
sible  to  execute  all  measurements  automatically.  The 
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data  collection,  the  traverse  system  and  adjustment  of 
the  laser  was  controlled  by  a  PC. 


Fig.  3  Mesh  of  measuring  points  for  a  water  depth 
of  0.175  m 

The  measuring  period  for  each  point  was  either  lim¬ 
ited  by  a  time  period  of  100  sec  or  by  a  collection  of 
10000  bursts.  In  this  way  it  was  possible  to  get  d^ 
tailed  and  reliable  information  about  the  turbulent  flow 
field  at  the  cross  section. 

2 . 2  Correlation  of  different  measurements 

The  different  measurements  from  the  side  and  the 
bottom  had  to  be  checked  for  correlation.  This  was 
possible  by  measuring  the  tangential  flow  velocity  for 
both  configurations  and  using  the  data  for  a  correlation. 
About  24  to  36  points  equally  distributed  within  the 
cross  section  were  chosen  to  be  compared  for  the  two 
configurations.  In  figure  5  the  points  which  were  used 
for  this  comparison  are  shown.  The  deviation  at  these 


points  was  found  to  be  less  than  8%  for  the  tangential 
velocities.  Figure  4  gives  an  example  of  the  correlation 
for  a  water  depth  of  0.175  m,  a  flume  velocity  COf  =  2.0 
rpm  and  a  ratio  C0,/(j0f  =  -1.8. 
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Fig.  5  Mesh  of  measuring  points  used  for  correla¬ 
tion  for  a  water  depth  of  0.175  m 

The  good  correlation  between  the  side  and  bottom 
measurements  proved  the  idea  of  using  a  ID  laser 
system.  The  restrictions  by  the  rotating  annular  flume 
forced  the  IWW  to  use  such  a  light  weighted  and  air 
cooled  system. 

2.3  Turbulent  fluctuations 

The  turbulent  fluctuations  (u')^ ,  (v')^  and  (w')^ 
can  be  determined  directly  with  the  velocity  measure¬ 
ments.  To  get  information  about  the  turbulent  fluctua¬ 
tions  (u'  v'),  (u'  w')  and  (v'  w')  with  an  ID  laser 
system  an  additional  measurement  in  the  annular  flume 


Fig.  4  Correlation  of  measurements  from  different  positions  for  a  water  depth  of  0.175  m,  a 
flume  velocity  (Of=  2.0  rpm  and  a  ratio  (0/(0f=  -1.8,  numbers  on  abscissa  represent  point 

numbers  in  Fig.  5 
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has  to  be  carried  out  from  the  side  and  the  bottom.  In 
figure  6  a  sketch  of  the  adjustment  and  the  velocity 
components  is  shown.  The  probe  is  positioned  with  an 
angel  a  (preferably  50  rad)  to  the  main  velocity  direc¬ 
tions  and  the  velocity  and  statistics  in  plane  P  are 


Fig.  6  Adjustment  and  velocity  components  for 
turbulent  fluctuation  measurements 

With  the  help  of  the  measurements  in  x-  and  z- 
direction  it  is  possible  to  calculate  the  turbulent  fluc¬ 
tuations  (u'  w')  (Wiedemann  1984); 

— , — f  (d')^ -(u')^  cos^  a-(w')^  cos^  a  x 

-U  W  — - —  - =  —  (1) 

2sinacosa  p 

Using  the  measurements  in  x-  and  y-direction  with 
an  additional  measurement  from  the  bottom  the  turbu¬ 
lent  fluctuations  (u' v')  can  be  calculated  respectively. 
The  turbulent  fluctuation  (v'  w')  can  not  be  derived, 
because  measurements  from  inside  the  flume  would 
have  been  necessary  which  was  not  possible  due  to 
disturbances  of  the  flow  field. 


3.  MEASUREMENTS 

The  experimental  program  was  set  up  to  determine 
the  optimal  ratios  of  rotational  speeds  co/tOf  for  depo¬ 
sition  and  erosion  experiments  as  well  as  a  relation 
between  the  water  depth  and  the  applied  shear  stress  by 
changing  the  rotational  speeds  of  the  top  lid  and  the 
flume.  One  has  to  distinguish  between  the  two  needs 
which  can  not  be  fulfilled  simultaneously  in  an  annular 
flume: 

1  minimised  secondary  flow  circulations  for  deposi¬ 
tion  experiments 

2  uniform  distribution  of  the  shear  stress  near  the 
bottom  of  the  flume  for  erosion  experiments 

By  previous  calibrations  with  Prandtl  tubes  the  ap¬ 
proximate  ratio  co/cOf  was  already  known  for  the  annu¬ 
lar  flume  at  the  IWW  (Spork  et  al.  1994).  The  follow¬ 


ing  experiments  were  carried  out  for  a  water  depth  of 
0.25  m: 

criteria  1;  a)f=2.0  to/cOf  = -2.100, -2.150, 

-2.175,  -2.200,  -2.300 

criteria2:  C0f=2.0  (0/%= -1.900, -1.925, 

-1.950,  -1.975,  -2.000 

verification:  (Of  =  0.5  co/cOf  = -1.975, -2.175 
(Of  =  4.0  (0/c0f= -1,975, -2.175 

and  for  a  water  depth  of  0.175  m: 
criteria  1:  (Of  =  2.0  co/Of  =  -1.70,  -1.80,  -1.90 

criteria2:  (Of=2.0  (0t/(0f  = -1 .50, -1.60, -1.70 

verification:  (Of  =  0.5  (O/tOf  =  -1.80 

(Of  =  4.0  (o/(Of=-1.80 


Fig.  7  Tangential  velocity  profiles  over  the  cross 
section  for  0)f=  2.0  rpm  and  CO/cOf  =  J.  8 

In  figure  7  different  tangential  velocity  profiles  over 
the  cross  section  are  presented.  It  can  be  seen  clearly 
that  velocity  increases  from  inside  (10  mm)  to  outside 
(240  mm)  of  the  flume,  due  to  the  fact,  that  a  constant 
angle  velocity  results  in  higher  velocity  in  tangential 
direction  with  increasing  radius.  This  increase  implies 
a  non-uniform  shear  stress  distribution. 

All  vector  plots  presented  in  the  following  have 
been  smoothed  once  to  give  a  homogeneous  flow  field. 

3. 1  Minimised  Secondary  Flow  Circulations 

In  figures  8  to  10  the  development  of  a  large 
clockwise  secondary  flow  circulation  is  visible,  which 
is  generated  by  the  centrifugal  forces  at  the  top  lid  and 
dominates  the  flow  field.  Besides  this  the  two  much 
smaller  counter  clockwise  secondary  flow  circulations 
at  the  bottom  of  the  flume  are  generated  by  the  flume 
itself.  With  increasing  ratios  the  velocity  of  the  top  Ud 
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increases  simultaneously,  while  the  generated  secon¬ 
dary  flow  circulation  grows  and  influences  the  flow  at 
the  bottom.  Figure  9  represents  the  status  of  mini¬ 
mised  secondary  currents  for  the  flow  near  to  the  bot¬ 
tom.  The  outward  flow  from  the  lower  secondary  flow 
circulations  is  interrupted  by  the  flow  from  the  large 
secondary  flow  circulation  from  the  top  lid. 

Even  if  it  is  possible  to  establish  experimental 
conditions  with  minimised  secondary  currents,  the 
upward  velocity  is  still  in  the  magnitude  of  the  fall 
velocity  of  fine  material  (outer  side  of  the  flume  Fig.  8 
to  10),  implying  a  limitation  in  the  use  of  annular 
flumes  for  deposition  experiments  (Booij  1994). 


Fig.  8  Secondary  flow  field  for  COj=  2.0  rpm  and 
C0/C0f=  1.7,  water  depth:  0.175  m,  left  side 
represents  inner  wall 


Fig.  9  Secondary  flow  field  for  C0f=  2.0  rpm  and 
(0/(0f=  1.8,  water  depth:  0.175  m,  left  side 
represents  inner  wall 


Fig.  10  Secondary  flow  field  for  COj=  2.0  rpm  and 
(0/C0f=  1.9,  water  depth:  0.175  m,  left  side 
represents  inner  wall 

For  a  minimised  secondary  flow  circulations 
(criteria  1)  a  ratio  to,/o)f  =  -2.175  was  chosen  for  a 
water  depth  of  0.25  m  and  a  ratio  of  co,/©f  =  -1.8  was 
chosen  for  a  water  depth  of  0.175  m. 

3.2  Uniform  Shear  Stress  Distribution 

As  the  measurements  for  deriving  the  turbulent 
fluctuations  have  not  been  finished  yet,  the  IWW  used 
the  profile  method  to  decide  about  the  optimised  ratio 
for  criteria  2.  The  profile  method  uses  the  logarithmic 
law  of  the  wall  to  determine  the  bottom  shear  stress. 
Thus  the  velocity  distribution  is  necessary  in  the  deci¬ 
sion  making  process.  Figure  1 1  gives  an  isoline  plot 
of  the  tangential  velocities  for  a  ratio  of  COt/COf  =  -1.6. 
It  is  visible  that  the  velocity  distribution  over  the  cross 
section  is  almost  uniform  near  the  bottom. 

In  figure  12  the  velocity  distribution  for  a  ratio  of 
co/tOf  =  -1.8  is  presented.  In  this  figure  the  distribution 
is  not  uniform.  At  the  inner  wall  the  gradient  is  lower 
than  at  the  outer  wall  and  the  isolines  do  not  represent 
a  symmetric  profile,  resulting  in  differences  in  the 
shear  stress  distribution. 

Out  of  figure  1 1  and  12  it  can  be  seen  that  there  is 
only  a  slight  influence  of  the  ratio  on  the  shear  stress 
distribution.  The  non  sensitivity  of  the  shear  stress 
distribution  was  also  proven  by  previous  investiga¬ 
tions  (Spork  et  al.  1994,  Booij  1994). 

For  a  uniform  distribution  of  the  bottom  shear 
stress  (criteria  2)  a  ratio  co/^f  =  -1.975  for  a  water 
depth  of  0.25  m  and  a  ratio  of  ©/“f  =  -1-6  was  chosen 
for  a  water  depth  of  0.175  m. 
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Fig.  11  Isolines  of  tangential  flow  velocity  for 
a)f=  2.0  rpm  and  co/cOf  =  1.6,  water  depth: 
0.175  m,  leftside  represents  inner  wall 


Fig.  12  Isolines  of  tangential  flow  velocity  for 
COf=  2.0  rpm  and  co/cOf  =  1.8,  water  depth: 
0.175  m,  leftside  represents  inner  wall 


3.3  Verification  of  optimal  ratios 

In  figure  13  a  measurement  with  a  flume  velocity 
of  0.5  rpm  and  a  ratio  of  COt/cOf  =  1.8  is  given  and  in 
figure  14  the  flume  velocity  is  4.0  rpm  while  the  ratio 
is  kept  constant.  Comparing  these  secondary  flow 
patterns  with  figure  9  presenting  the  secondary  flow  at 
the  same  ratio  but  with  a  flume  velocity  of  2.0  rpm  it 
can  be  seen  that  there  is  no  or  only  slight  change  in 
the  dimensions  of  the  secondary  flow  circulations. 
Only  the  magnitude  of  the  velocities  increases  with 
increasing  turning  velocities  of  the  flume. 

The  series  of  experiments  with  flume  velocities  of 
0.5  rpm  and  4.0  rpm  and  the  optimised  ratios  COt/to^ 
showed  that  the  ratio  is  independent  from  the  rotational 
speed  of  the  flume  for  the  same  water  depth. 


Fig.  13  Secondary  flow  field  for  cOf=  0.5  rpm  and 
C0/Q)f=  1.8,  water  depth:  0.175  m,  left  side 
represents  inner  wall 


Fig.  14  Secondary  flow  field  for  C0j=  4.0  rpm  and 
(0/Q)j  =  1.8,  water  depth:  0.175  m,  left  side 
represents  inner  wall 


3.4  Comparison 

As  there  are  other  annular  flumes  existing,  which 
have  calibrated  as  well,  a  comparison  to  those  calibra¬ 
tion  measurements  should  be  made.  Annular  flumes  are 
constructed  in  different  dimensions,  resulting  in  differ¬ 
ent  calibration  values.  To  make  the  results  comparable 
the  ratio  of  water  depth  and  channel  width  can  be  used. 
Also  the  diameter  plays  a  role  in  the  calibration  meas¬ 
urements,  as  the  curvature  influences  the  secondaiy 
currents.  Up  to  now  only  two  other  laser  Doppler 
measurements  are  known  in  annular  flumes,  namely  by 


Krishnappan  (1993)  and  Booij  (1994)  and  one  investi¬ 
gation  with  an  electromagnetic  current  meter  by 
Karelse  (1990). 

Krishnappan  (1993)  did  not  determine  optimised  ra¬ 
tios  of  cOt/cOf,  so  unfortunately  a  comparison  is  not 
possible.  Especially  because  he  did  not  carry  out  any 
detailed  flow  field  investigations. 


Fig.  15  Comparison  with  other  annular  flume  inves¬ 
tigations 

Booij  (1994)  has  done  an  accurate  and  extensive 
measuring  program  for  the  calibration  of  the  annular 
flume  at  Delft  University.  The  relative  curvanire 
(channel  width/mean  radius  of  the  channel)  for  both 
flumes  is  comparable.  For  the  annular  flume  at  Delft 
University  the  relative  curvature  is  0.16  and  for  the 
annular  flume  at  the  IWW  it  is  0.154.  The  values  of 
optimal  ratios  found  in  the  investigations  from  Booij 
(1994)  agree  very  much  with  those  found  in  this  inves¬ 
tigation  (Fig.  15). 

Also  the  investigations  by  Karelse  (1990)  for  the 
annular  flume  at  Delft  Hydraulics  fit  into  a  curve  fit 
(Fig.  15),  even  if  the  relative  curvature  with  a  value  of 
0.19  is  slightly  different. 


4.  CONCLUSIONS 

By  using  a  ID  laser  Doppler  velocimetry  system 
reliable  information  was  obtained  about  the  complex 
3D  flow  field  in  the  annular  flume  at  Aachen  Univer¬ 
sity  of  Technology.  The  measurements  for  deriving  the 
turbulent  fluctuations  are  actually  going  on. 

Optimal  ratios  to/tOf  of  rotational  speeds  of  the  top 


lid  and  the  flume  were  determined.  The  criteria  of 
minimised  secondary  flow  circulations  for  deposition 
experiments  as  well  as  the  criteria  of  a  uniform  bottom 
shear  stress  distribution  over  the  cross  section  for 
erosion  experiments  can  be  fulfilled  by  using  different 
ratios  co,/a)f.  The  ratios  co/®f  are  dependent  on  the 
ratio  of  water  depth  and  channel  width  of  the  annular 
flume,  but  do  not  show  a  dependency  on  the  absolute 
speed  of  the  top  lid  and  the  flume. 

Even  minimising  the  secondary  currents,  the  up¬ 
ward  velocity  components  still  stays  high.  Depending 
on  the  rotational  speed  of  the  top  lid  the  upward  veloc¬ 
ity  is  in  the  order  or  may  even  be  higher  than  the  set¬ 
tling  velocity  of  fine  materials  which  shall  be  investi¬ 
gated  in  the  flume. 

A  good  agreement  to  other  investigations  was 
shown,  proving  either  results  as  they  were  carried  out 
with  different  measuring  devices  and  annular  flumes 
with  slightly  different  dimensions. 

It  can  be  concluded  that  the  laser  Doppler  velocime¬ 
try  measurements  gave  a  good  calibration  of  the  annu¬ 
lar  flume  at  the  IWW  and  lead  to  a  better  knowledge 
and  understanding  of  the  complex  flow  field  in  annular 
flumes  in  general. 
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ABSTRACT 

The  TORE®  is  a  fully  fluidic,  non-moving  part  device, 
that  utilises  vortex  flows  for  the  fluidization  and 
transportation  of  slurries.  Laser  Doppler  anemometiy  has 
been  applied  to  characterise  the  flows  in  the  absence  of  the 
second  phase.  However,  as  a  compromise,  the  TORE®  was 
mounted  in  a  confined  region.  These  results  are  presented 
for  a  series  of  design  variations. 

Throughout,  highest  turbulence  levels  have  been  found 
to  occur  in  a  region  close  to  the  vortex  centre,  in  the  region 
of  particle  entrainment.  Spectral  analysis  of  data  obtained  in 
this  region  suggests  the  occurrence  of  a  processing  vortex 
core  (PVC),  a  phenomena  which,  it  is  believed,  may  be  .of 
importance  in  TORE®  operation. 

Subsequently,  correlations  have  been  made  with 
corresponding  performance  data,  and  suggestions  have  been 
made  as  to  which  flow  features,  and  hence,  which  design 
settings,  are  most  suitable  to  give  a  particular  set  of  output 
characteristics. 


1.  INTRODUCTION 

The  transportation  of  solid  materials  in  suspension  in  a 
fluid  medium  is  encountered  in  many  engineering  situations. 
Slurries  are  transferred  between  process  stages,  for  example, 
in  the  mineral  processing  and  chemical  engineering 
industries,  and  also  in  the  food  production  industry.  Other 
situations  include  mineral  recovery  and  dredging 
applications,  the  larger  end  of  the  scale  being  the  long 
distance  transportation  of  materials  via  cross  country 
pipeline. 

Slurry  pumping  equipment  can  be  classified  into  two 
broad  categories;  direct  and  indirect  pumping  systems. 
Direct  pumping  systems  are  those  in  which  the  pre-mixed 
slurry  material  is  pressurised  directly  by  the  primary 
displacement  device.  These  include  roto-dynamic  and 
positive  displacement  pumps,  respective  examples  being 
centrifugal  and  piston  pumps.  Indirect  pumping  systems  are 
those  in  which  the  carrier  fluid  is  pressurised  prior  to 


combination  with  the  solid  phase.  Perhaps  the  most  well 
known  example  of  this  is  the  jet  pump. 

Perhaps  the  most  widely  used  type  of  slurry  pump  used 
presently  is  the  centrifugal  type.  However,  there  are  many 
problems  associated  with  the  use  of  such  devices,  and, 
indeed,  other  direct  pumping  devices.  These  problems  have 
typically  been  associated  with  wear.  In  order  to  escape 
these  problems,  attempts  have  been  made  to  develop  various 
forms  of  non-moving  part,  fluidic  pumps.  Often,  this  has 
been  at  the  expense  of  other  pumping  characteristics,  and  as 
a  result  such  devices  have  currently  obtained  limited 
commercial  success,  often  finding  applications  in  those 
situations  in  which  more  conventional  equipment  would  be 
inherently  unsuitable. 

The  TORE®  is  a  fully  fluidic,  non-moving  part  device, 
utilising  vortex  flows  for  the  fluidization  and  transportation 
of  slurries  (US  Patent:  Drobadenko  &  Lukonina  (1990)).  It 
can  be  driven  by  a  standard  type  water  pump,  and,  given 
this,  falls  into  the  category  of  an  indirect  transport  system. 
It  was  originally  developed  by  the  Moscow  Geological 
Prospecting  Institute  of  the  former  USSR,  where  trials  were 
carried  out  during  the  1980’s  in  Russian  mines. 
Subsequently,  a  company  has  been  set  up  in  the  UK,  Merpro 
Process  Technologies  Ltd,  to  seek  commercial  applications 
of  the  device.  A  number  of  installations  now  exist,  mostly 
involving  the  TORE®  as  part  of  a  larger  overall  process. 

The  objectives  of  the  research  in  hand  were  to  help  to 
characterise  the  operation  of  the  TORE®  for  a  range  of 
parameter  variations,  such  that  the  mechanisms  behind  its 
operation  could  be  more  fully  understood.  Clearly,  this 
would  aid  in  future  developments  of  the  design. 

The  measurement  of  flow  characteristics  within  the  body 
of  concentrated  solid/liquid  mixtures  has  many  associated 
problems.  Various  non-intrusive  techniques  such  as  nuclear 
magnetic  (NMR)  imaging  and  pulsed  neutron  activation 
(PNA)  have  emerged,  and  have  been  successfully  applied  to 
relatively  simple  flow  situations  (Ding  et  al.  (1993),  Porges 
et  al.  (1988)).  However,  besides  being  inherently  costly, 
such  technologies  are  still  somewhat  specialised.  Refiactive 
index  matching  techniques  used  in  conjunction  with  laser 
Doppler  anemometry  have  also  provided  useful  results 
(Wildman  et  al.  (1992)),  but  have  generally  been  applied  to 


fairly  confined  flow  volumes.  Given  the  potential 
limitations  of  these  techniques  with  regards  to  the  current 
studies,  preliminary  work  has  focused  on  the  case  in  which 
the  second  phase  was  absent,  but  with  the  TORE®  mounted 
in  a  confined  vessel.  This  was  to  help  to  represent  the 
confinement  that  might  be  imposed  by  a  surrounding  bed  of 
solid  material.  LDA  has  been  applied  throughout. 

The  results  of  the  flow  characterisation  studies  are 
presented  in  the  paper.  The  effect  of  the  design  variations 
considered  are  discussed  with  reference  to  results  obtained 
during  corresponding  trial  work  carried  out  in  which  the 
second  ph^e  was  present. 

2.  THE  TORE®  UNIT 

Figure  1  shows  a  sectional  view  through  a  TORE®  unit 
representative  of  that  considered  in  the  current  research.  A 
schematic  representation  of  a  typical  installation  in  which 
the  TORE®  is  mounted  in  a  pressure  vessel  is  shown  in 
Figure  2. 

The  unit  comprises  of  a  swirl  chamber,  feeding  to  an 
annulus  between  a  pair  of  concentric  tubes.  The  swirl 
chamber  is  fed,  tangentially,  by  a  standard  type  water  pump. 
The  two  tubes  terminate  at  a  point  in  the  region  of  particle 
entrainment.  The  central  tube,  the  slurry  discharge,  leads 
vertically  up  through  the  centre  of  the  swirl  chamber  before 
connecting  to  the  slurry  pipeline.  As  a  result  of  the 
turbulent  swirling  flow  exiting  from  the  annulus,  mixing 


Figure  1  90°  Section  Through  the  TORE®  (Schematic) 


Figure  2  Typical  Installation  in  a  Pressure  Vessel 


occurs  between  the  solid  and  liquid  phases.  The  mixed 
slurry  material  is  then  passed  via  the  discharge  tube  to  a 
slurry  pipeline. 

Results  obtained  to  date  have  revealed  that,  by 
adjustment  of  the  design  parameters,  the  slurry  consistency 
can  be  varied  over  a  broad  range.  With  this  versatility,  it  is 
envisaged  that  the  device  could  be  adapted  for  use  in  a  wide 
variety  of  situations. 

The  TORE®  investigated  in  the  current  work  was  one 
with  a  discharge  diameter  of  50  mm.  The  armulus 
inner/outer  diameters  were  60  and  80  mm  respectively, 
giving  an  annulus  to  discharge  area  ratio  of  close  to  unity. 
The  swirl  chamber,  fed  by  a  single  tangential  inlet  of  50  mm 
diameter,  had  an  outer  diameter  of  175  mm,  giving  a 
geometrical  swirl  number  of  around  2.5  at  the  annulus  exit. 

The  swirl  chamber  and  inlet  section  of  the  unit  were 
constructed  of  steel,  while  the  inner/outer  tubes  were 
constructed  of  perspex.  The  tubes  were  interchangeable, 
allowing  variation  of  their  relative  lengths,  although  for 
current  trials,  the  central  tube  was  set  at  185  mm  length 
from  the  point  at  which  the  annulus  joins  the  swirl  chamber. 
The  discharge  tube  foot  was  also  removable,  allowing  the 
effect  of  this  design  feature  to  be  investigated. 

3.  EXPERIMENTAL  TEST  FACILITY 

The  overall  objectives  of  the  research  at  Cardiff  were  to 
study  both  the  performance  of  the  TORE®  and  the  principles 
behind  its  operation.  Since  this  was  to  involve  both  single 
phase  and  two  phase  studies,  modifications  to  the  test 
facility  were  necessary  for  each  of  the  areas  of  investigation. 
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A  schematic  of  the  test  facility,  as  it  was  arranged  for  the 
single  phase  studies,  is  shown  in  Figure  3. 

The  TORE®  was  mounted  such  that  the  inner/outer  tubes 
projected  downwards  into  a  six  sided  chamber  (270  x  200  x 
200  mm),  with  a  distance  of  70  mm  between  the  base  of  the 
inner  tube  and  the  floor  of  the  chamber.  The  underside,  and 
two  of  the  vertical  sides  were  fitted  with  polycarbonate 
windows  to  facilitate  good  visual/laser  access.  From  a  third 
side,  a  feeder  vessel  (horizontal  area  0.06  m  )  was  attached. 
This  extended  to  a  height  of  1.1  m,  connecting  to  a  50  mm 
diameter  pipe-  The  P*pe  fed,  via  a  valve,  to  a  small  perspex 
hopper.  Throughout  the  LDA  investigations,  the  valve  was 
kept  closed,  ensuring  that  the  inlet  and  outlet  flowrates  to 
the  TORE®  were  equal. 

Feed  to  the  TORE®  was  provided  by  a  general  purpose 
centrifugal  water  pump.  This  fed  via  a  bank  of  rotameters 
and  a  valve,  allowing  control  and  measurement  of  flowrate. 
The  discharge  from  the  TORE®  was  fed  directly  back  to  the 
main  water  reservoir. 

For  the  purpose  of  trial  work  in  which  the  solid  phase 
was  added,  it  was  necessary  to  make  a  series  of 
modifications  to  the  test  facility.  This  was  to  allow  material 
to  be  transported  continuously  around  a  loop,  allowing 
steady  state  samples  to  be  taken,  but  avoiding  the  risk  of 
contamination  of  the  main  water  reservoir  with  solids. 
Firstly,  the  small  perspex  hopper  was  replaced  with  a  much 
larger  one  of  volume  0.6  m^.  The  50  mm  diameter  pipe  and 
valve  feeding  from  this  was  replaced  with  a  200  mm 
diameter  open  pipe.  In  order  to  ensure  that  the  inlet 
flowrate  to  the  TORE*  was  equal  to  the  discharge  flowrate, 
a  jet  pump  was  employed,  fitted  at  a  point  0.95  m  above  the 
base  of  the  discharge  pipe.  This  was  fed,  via  a  turbine 
flowmeter,  from  a  multi-stage  high  pressure  centrifugal 
pump.  By  careful  adjustment  of  flowrates,  the  rate  of  fluid 


induction  could  be  controlled.  The  original  set  of 
rotameters  used  on  the  TORE®  inlet  line  were  replaced  with 
a  magnetic  flowmeter.  Following  induction  via  the  jet 
pump,  slurry  material  was  fed  back  to  the  solids  hopper. 
Overflow  water  was  returned,  via  a  system  of  weirs  and  a 
filter,  back  to  the  main  feed  reservoir.  The  discharge  point 
was  moveable,  allowing  slurries  to  be  diverted  to  a  70  litre 
sampling  vessel. 


4.  LASER  ANEMOMETRY  FACILITIES 

For  the  laser  velocity  measurements,  a  Dantec  fibre  optic 
system  was  used,  utilising  a  5W  argon-ion  laser  as  the 
power  source.  Running  at  around  2W,  this  was  used 
together  with  a  60X40  transmitter  box  which  incorporated 
Bragg  cell  frequency  shifting  at  40  MHz  to  remove  any 
directional  ambiguity.  The  probe  used  throughout  was  a  60 
mm  diameter  Dantec  60X10  one-dimensional  probe,  which 
provided  a  beam  spacing  of  38  mm.  This,  coupled  with  a 
lens  transmission  focal  length  of  160  mm,  gave  a  control 
volume  with  a  length  of  0.66  mm  in  air. 

Back  scatter  light  was  collected  for  processing  via  a 
Dantec  Burst  Spectrum  Analyser  and  the  associated 
Burstware  software  package. 

The  flow  was  seeded  with  small  amounts  of  titanium 
dioxide  coated  mica.  A  sample  of,  typically  around  1000 
Doppler  bursts  was  taken  for  each  measurement  point. 
Based  on  this  sample,  estimated  errors  are  <  5  %  with  a 
confidence  level  of  around  95  %. 

Post  processing  of  the  data  was  carried  out  using  the 
Tecplot  software  package,  which  allows  mean  and  rms 
velocity  contours  to  be  plotted. 
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5.  EXPERIMENTAL  PROCEDURE 

5.1  Laser  Measurements 

Tangential,  axial  and  radial  velocity  measurements  were 
taken  via  the  side  windows  of  the  box  in  which  the  TORE® 
was  mounted.  These  were  taken  in  increments  of  3  mm  x  3 
mm.  The  work  concentrated  on  an  area  extending  from  the 
pipe  centreline  to  a  point  60  mm  radially  outwards, 
downwards  50  mm  from  the  base  of  the  foot,  and  up  to  a 
point  a  little  above  the  end  of  the  outer  tube.  The  centreline 
was  also  crossed  by  6  mm  to  ensure  that  the  flow  centre  was 
included  in  the  measurements.  Measurements  were  taken 
for  a  number  of  inlet  flowrates  and  a  range  of  different  outer 
tube  sizes.  The  length  of  the  central/discharge  tube  was  not 
changed.  For  inner/outer  tube  spacings  of  40,  65  and  90 
mm,  measurements  were  taken  for  an  inlet  flowrate  of  230 
l/min  (corresponding  to  Re  »  108  000).  For  a  15  mm 
spacing,  measurements  were  taken  at  120,  200  and  290 
l/min.  All  measurements  were  taken  with  a  tapered  central 
tube  foot  fitted.  Details  of  the  measurement  region,  and 
dimensions  of  the  foot  are  shown  in  Figure  4. 

5.2  Performance  Trials 

Throughout,  the  transportation  of  14-25  Mesh  sand  (0.6  - 
1.18  mm,  SG  2.65)  was  considered.  At  the  start,  700  kg  of 
sand  was  added.  Intermittent  duplication  of  some  of  the 
tests  confirmed  repeatability  and  hence  reliability  of  results. 

For  each  run,  settings  were  carefully  adjusted  such  that 
the  rate  at  which  sluny  was  drawn  away  by  the  Jet  punm 
was  matched  closely  with  the  rate  of  delivery  to  the  TORE  , 
thus  simulating  a  pressurised  arrangement.  For  each  setting, 
once  a  balanced  state  had  been  achieved,  at  least  five 


samples  were  taken.  For  each  sample,  the  time,  weight  and 
volume  were  recorded. 

Design  parameters  varied  included  inlet  flowrate,  relative 
lengths  of  the  inner/outer  concentric  tubes,  and  the  design  of 
the  discharge  tube  foot,  although  the  present  paper  reports 
only  those  results  corresponding  to  the  configurations  for 
which  LDA  was  applied.  Using  the  obtained  data,  the  slurry 
concentration  has  been  calculated  for  each  configuration. 
Since,  in  this  situation,  the  jet  pump  was  used  largely  as  a 
tool,  the  slurry  concentration  calculated  has  taken  into 
account  the  quantity  of  water  added  by  the  jet  pump,  and 
thus  represents  the  pre-jet  pump  consistency. 

6.  FLOW  CHARACTERISTICS 
6.1  Overview 

Throughout,  the  results  of  the  laser  measurements  have 
revealed  two  fairly  distinct  sets  of  flow  characteristics,  the 
flows  for  the  15  and  40  mm  tube  spacing  forming  one  set, 
and  those  for  the  65  and  90  mm  spacing  forming  the  other. 
The  most  significant  changes  in  flow  features  were  found  to 
occur  between  a  40  to  a  65  mm  tube  spacing.  For  the  15 
mm  tube  spacing,  the  following  discussions  refer,  unless 
otherwise  stated,  to  the  cases  in  which  the  inlet  flowrate  was 
set  at  200  l/min.  The  validity  of  comparisons  with  results 
obtained  at  230  l/min  is  supported  by  the  fact  that  in  many 
cases,  this  configuration  actually  gave  rise  to  higher  velocity 
and  rms  levels  in  the  regions  of  interest.  Given  this,  the 
presented  results  mainly  include  those  for  the  15  and  65  mm 
configurations,  these  representing  most  clearly  the  principle 
features  of  the  two  sets.  Salient  features  of  both  mean  and 
rms  characteristics  observed  in  each  of  the  individual  sets  of 
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Tube 

Spacing 

(mm) 

Mean  Velocities 
(m/s) 

RMS  Velocities 
(m/s) 

15 

(at  200 
1/min) 

Peak  tang.  s2.4  beneath 
foot,  around  r/R^.8  & 
s2.6  m/s  at  annulus  exit. 
Axial  max.  close  to  CL  of 
a2.4,  &  at  annulus  of  a 
-2.7.  Radial  max.  »-2.0 
close  to  CL,  aO.9  at 
annulus. 

Tang,  ims  peaks  correspond 
to  max.  means  &  flow 
reversal  region;  =1 .9  at 
centre,  =1 .1  at  annulus  exit. 
Axial  &  radial  rms  peaks; 
axial:  =1.6  at  centre,  =1.1 
below  foot,  radial:  =2.4  at 
centre,  =0.9  at  armulus. 

40 

(at  230 
1/min) 

Peak  tang.  a2.9  beneath 
foot,  around  r/RaO.3  & 

»3.7  m/s  at  annulus  exit. 
Axial  max.  close  to  CL  of 
=2.2,  &  at  annulus  of = 

-2.1.  Radial  max.  «-3.1 
close  to  CL  &  =0.6  at 
annulus. 

Tang,  rms  peaks  correspond 
to  max.  means  &  flow 
reversal  region;  =2.2  at 
centre,  =1 .6  at  armulus  exit. 
Axial  &  radial  rms  peaks; 
axial:  =1 .5  at  centre,  =0.8  at 
armulus  &  below  foot, 
radial:  =1 .4  at  centre,  =1.0 
at  annulus. 

65 

(at  230 
1/min) 

Peak  tang. » 1 .6  beneath 
foot  at  around  r/R%0.S  & 
»3.0  at  annulus  exit.  Axial 
max.  close  to  CL  of  *2.4, 

&  at  annulus  of  *-2.5. 

Radial  max.  »-0.4  below 
foot  at  around  r/R»0.S  & 
sO.7  m/s  at  annulus. 

Tang,  rms  peaks  correspond 
to  max.  means  &  flow 
reversal  region;  =1.7  at 
centre,  =1 .3  at  annulus  exit. 
Axial  &  radial  rms  peaks; 
axial:  =0.9  at  r/R=0.4,  =0.9 
m/s  at  annulus,  radial:  =1.6 
below  foot  at  r/R=0.S,  =1.3 
m/s  at  annulus. 

90 

(at  230 
1/min) 

Peak  tang.  =1 .5  beneath 
foot  at  around  r/R»0.S  & 
=3.6  m/s  at  annulus  exit. 
Axial  max.  close  to  CL  of 
=2. 1 ,  &  at  annulus  of = 

-2.2.  Radial  max.  =-1 .0 
below  foot  edge  at 
r/R»0.8  &  =0.7  m/s  at 
annulus. 

Tang,  rms  peaks  correspond 
to  max.  means  &  flow 
reversal  region;  =1 .8  at 
centre,  =1 .3  at  annulus  exit. 
Axial  &  radial  rms  peaks; 
axial:  =1.1  at  centre,  =0.9  at 
annulus,  radial:  =1 .9  at 
centre,  =1 .3  at  annulus. 

Table 

1  Salient  Flow  Features  at  200  and  230  1/min 

results  are  outlined  in  Table  1.  Figures  5  and  6,  (a)  -  (c) 
show  the  mean  velocities  for  the  15  and  65  mm  cases. 
Figures  7  and  8  (a)  -  (c)  show  the  corresponding  rms  values. 

6.2  Tangential  Direction 

For  each  configuration,  the  peak  tangential  velocities, 
Figures  5  &  6  (a),  are  seen  to  occur  at  the  point  at  which  the 
flows  exit  from  the  annulus.  It  is  evident  that  the  flows 
‘flare’  outwards,  at  an  angle  of  around  30°  for  the  65  and  90 
mm  tube  spacings.  Notably,  as  the  tube  spacing  is  reduced, 
the  rate  of  spread  becomes  less  pronounced,  the  flows 
beginning  to  ‘stick’  to  the  foot  more,  following  around  to 
the  discharge.  The  tangential  flows  beneath  the  foot 
represent  atypical  Rankine  vortex  structure,  peaks  occurring 
a  short  distance  from  the  vortex  centre  in  each  case.  For  the 
15  and  40  mm  tube  spacings,  the  peaks  occur  very  close  to 
the  mouth  of  the  discharge,  also  being  of  a  higher  value  than 
for  the  65  and  90  mm  cases  (Table  1).  Of  interest  is  the  off- 
centred  nature  of  the  vortex  relative  to  the  geometrical 
centreline  which  is  most  evident  for  the  larger  spacings. 
This  is  most  pronounced  for  the  65  mm  tube  spacing, 
originating  at  a  point  around  r/R=0.3  adjacent  to  the 
discharge  mouth,  and  slanting  outwards  from  the  centreline 
at  around  30°,  suggesting  an  unstable  vortex.  Subsequent 


spectral  einalysis  of  some  of  the  LDA  data  has  revealed  the 
existence  of  time  dependent  flow  features  in  the  region 
below  the  foot.  Dominant  frequencies  of  the  order  8  Hz 
have  been  identified  at  a  position  around  r/R=0.6.  Lower 
amplitude  frequencies  have  also  been  identified,  of  aroimd 
0.2  Hz,  at  the  cenUe  of  the  flow,  principally  in  the  axial 
direction.  It  has  been  considered  that  this  could  represent 
the  presence  of  a  precessing  vortex  core  (PVC),  a  three 
dimensional,  time  dependent  coherent  structure,  also  found 
to  occur  in  swirl  burners,  cyclone  dust  separators,  and  other 
swirl  devices  (Syred  et  al.  (1994)). 

Throughout,  the  peak  levels  of  turbulence.  Figures  7  &  8 
(a),  correspond  with  the  regions  of  maximum  mean  velocity, 
and  also  with  the  region  of  flow  reversal  at  the  vortex 
centre.  The  highest  values  have  been  found  for  the  15  and 
40  mm  tube  spacing  cases.  Table  1,  corresponding  to  the 
higher  mean  values  also  encountered  for  these 
configurations. 

6.3  Axial  Direction 

The  plots  of  mean  axial  velocity.  Figures  5  &  6  (b),  go 
further  to  illustrate  the  flaring  of  the  flows  which  was 
observed  for  the  65  and  90  mm  spacing  cases,  and  also  the 
tendency  for  the  flows  to  ‘stick’  to  the  foot  for  the  smaller 
spacings.  As  might  be  expected,  peak  velocities  have 
occurred  at  the  point  of  exit  from  the  annulus,  and  also  at 
the  discharge  mouth,  close  to  the  vortex  centre,  with  a 
similar  order  of  magnitude  for  each  case.  Notably,  the  line 
of  flow  reversal  flares  outwards,  at  around  40°,  from  the 
base  of  the  foot  for  the  65  and  90  mm  spacing  cases. 
However,  the  reversal  line  pulls  in  towards  the  discharge 
mouth,  slanting  in  the  opposite  direction,  for  both  the  15 
and  40  mm  tube  spacing  cases. 

The  peak  vdues  of  rms  velocity.  Figures  7  &  8  (b), 
correspond  closely  to  the  positions  at  which  the  peak 
tangential  rms  velocities  occurred  i.e.  corresponding  with 
the  vortex  centre  and  the  annulus  exit.  Between  the  annulus 
and  the  discharge,  there  is  also  a  brief  increase  in  turbulence 
levels  at  a  point  adjacent  to  the  foot,  corresponding  with  the 
region  of  axial  flow  reversal.  For  the  15  and  40  mm  tube 
spacings,  this  is  very  close  to  the  foot.  For  the  65  and  90 
mm  spacings,  however,  this  occurs  at  a  point  approaching 
the  edge  of  the  measurement  region.  Again,  the  peak  values 
are  significantly  higher  for  the  15  and  40  mm  tube  spacing 
cases,  the  lowest  being  for  the  65  nun  spacing  (Table  1). 

6.4  Radial  Direction 

Figures  5,  6, 7  &  8  (c)  show  contour  plots  of  radial  mean 
and  rms  velocities  for  the  15  and  65  mm  tube  spacing  cases. 
The  overall  peak  mean  radial  velocities  measured.  Table  1, 
were  those  for  the  15  mm  tube  spacing.  Throughout,  peak 
values  have  occurred  at  a  point  very  close  to  the  vortex 
centre,  and  also  at  the  annulus  exit.  Notably  for  the  15  and 
40  mm  tube  spacing  cases,  the  flows  are  seen  to  divert 
towards  the  direction  of  the  discharge  very  shortly  after 
leaving  the  annulus.  Consistently  with  other  measurements, 
the  peak  turbulence  levels  have  also  been  encountered  in  the 
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regions  corresponding  with  the  vortex  centre  and  the 
annulus  exit.  Interestingly,  the  15  mm  tube  spacing,  even 
with  the  smaller  flowrate  of  200  1/mln,  has  given  the  highest 
turbulence  levels  overall,  peaking  at  2.4  m/s  close  to  the 
vortex  centre.  Highest  levels  at  the  annulus  exit  have  been 
for  the  65  and  90  mm  tube  spacings,  this  corresponding  also 
with  the  high  degree  of  flow  flaring  encountered  for  these 
configurations. 

6.5  Effect  of  Inlet  Flowrate  Variation 

Table  2  illustrates  the  peak  velocity  and  rms  values 
measured  for  flowrate  settings  of  120,  and  290  1/min.  These 


were  obtained  for  an  inner/outer  tube  spacing  of  15  mm. 
Throughout,  the  basic  flow  structure  for  both  the  mean  and 
rms  velocities  was  remarkably  similar  to  that  for  the  200 
1/min  case.  Comparing  individual  values  (Tables  1  and  2),  it 
is  clear  that  incremental  increase  in  inlet  flowrate  has  given 
approximately  proportional  increase  in  both  velocity  and 
rms  values.  With  care,  it  is  considered  that,  within  a  limited 
range  of  flowrates,  the  results  obtained  for  each  set  of 
design  settings  could  be  scaled  up  or  down  as  required. 
This  would  eliminate  the  benefits  to  be  gained  from  forther 
detailed  flow  characterisation  for  more  settings  of  flowrate. 
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(a)  Tangential 


(b)  Axial 


(c)  Radial 
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Figure  8  RMS  Velocities  for  a  15  mm  Tube  Spacing  Tlnlet  Flowrate  200  l/mial 


7  TWO  PHASH  TRIALS  TORE^  inlet  flowrates  between  130  and  180  l/min, 

the  slurry  concentration  in  the  discharge  for  the  90,  65  and 
Mean  discharge  slurry  concentration  values  for  a  range  40  mm  tube  spacings  has  been  close,  varying  a  little  above 

of  flowrates  for  each  of  the  relative  tube  spacings  tested  are  and  below  30  %  by  weight  However,  the  15  mm  tube 

shown  in  Figure  9.  An  observation  based  on  these  results,  spacing  has  consistently  given  lower  concentrations,  falling 

and  indeed  other  trial  work  (not  presented),  has  been  that  as  from  around  24  %  wt.  to  19  %  wt  within  the  same  range, 

the  inlet  flowrate  to  the  TORE®  is  increased,  the  general  Above  a  flowrate  of  180  l/min,  more  variation  is  seen  for 

trend  is  that  the  discharge  concentration  falls  (with  the  each  configuration.  The  90  mm  tube  spacing  has  given  a 

isolated  exception  of  the  90  mm  case).  It  has  been  concentration  of  around  33  %  at  230  l/min,  showing  an 

considered  that  this  may  be  related  to  the  fact  that  solids  can  overall  increase  compared  to  the  lower  flowrates.  On  the 

only  be  removed  as  quickly  as  they  can  be  replaced.  whole,  a  65  mm  tube  spacing  has  given  the  most  steady 

Although  the  slurry  concentration  may  be  low  at  higher  values  over  the  flowrate  range,  the  lowest  concentration 

flowrates,  the  actual  rate  ofremoval  is  likely  to  be  higher.  being  around  27  %  wt.  at  230  l/min.  The  40  mm  tube 

spacing  has  shown  a  far  steeper  concentration  fall  than  for 


Flowrate 

(l/min) 

Mean  Velocities 
(m/s) 

RMS  Velocities 
(m/s) 

120(15 
mm  tube 
spacing) 

Tang.:  kI.6  below  foot 
(r/R=0.8),  *1.4  at  annulus. 
Axial:  »1.6  at  CL,  =-1.8  at 
annulus.  Radial:  =-1 .2  at 
CL,  =0.5  at  annulus. 

Tang,  rms:  =1.1  at  centre, 

=0.6  at  annulus.  Axial  rms: 
=1.0  at  centre,  =0.7  below 
foot.  Radial  rms:  =1.5  at 
centre,  =0.5  at  annulus. 

290  (15 
mm  tube 
spacing 

Tangential:  Not  available. 
Axial:  =3.4  at  CL,  =-4.0  at 
annulus.  Radial:  =-3.5  at 
CL,  =1.1  at  annulus. 

Tang,  rms:  Not  available 

Axial  ims:  =2.1  at  centre, 

=1.7  below  foot.  Radial 
rats:  =3.0  at  centre,  =1.3  at 
annulus. 

Table  2  Salient  Flow  Features  at  120  and  290  l/min 


the  other  configurations,  falling  to  around  22  %  wt.  at  230 
I/min.  Similar  general  trends  have  been  observed  in  repeat 
runs  in  which  the  design  of  the  discharge  tube  foot  has  been 
altered.  For  a  15  mm  tube  spacing,  the  slurry  concentration 
falls  down  to  around  17  %  wt.  at  210  l/min,  the  lowest 
concentration  obtained  overall,  before  showing  an  apparent 
increase  of  around  1  %  as  the  flowrate  is  increased  to  230 
l/min.  Alteration  of  the  central  tube  foot  design  in  other 
trial  work  has  had  most  impact  on  performance  for  this 
setting. 


this  has  been  accompanied  with  reduced  peak  turbulence 
and  tangential  velocity  levels  in  the  region  below  the  foot. 
Conversely,  the  smaller  tube  spacings  have  given  a  much 
more  confined  turbulent  region,  but  with  generally  higher 
rms  and  tangential  velocity  levels  in  this  area.  The  presence 
of  a  processing  vortex  core  (PVC),  although  not  currently 
confirmed  to  occur  in  the  two  phase  case,  may  be  important 
in  TORE®  operation.  Clearly,  further  research  would  be 
required  to  assess  this. 

Correlation  of  the  results  of  flow  characterisation  with 
the  corresponding  trial  results  gives  rise  to  some  broad 
conclusions.  For  an  inlet  flowrate  of  230  l/min,  a  consistent 
finding  has  been  that  as  the  inner/outer  tube  spacing  is 
increased,  the  discharge  slurry  concentration  also  increases. 
This  suggests  that  the  increase  in  turbulence  and  peak 
tangential  velocity  levels  has  a  controlling  effect  on  the 
discharge  concentration  levels,  giving  a  higher  degree  of 
sluny  dilution  for  the  smaller  tube  spacings.  This  is  in 
contrast  to  the  idea  that  a  stronger  vortex  might  lead  to  a 
higher  rate  of  entrainment. 

Overall,  this  research  has  helped  to  characterise  TORE® 
operation,  both  in  terms  of  operating  mechanisms,  and 
output  performance. 
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Figure  9  TORE®  Performance  Data 
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ABSTRACT 

Measurements  of  axial  and  tangential  velocity 
components  have  been  made  by  laser-Doppler  anemometry 
of  a  swirling  flow  of  water  in  a  two-stages  cylindrical 
cyclone  (Tri-Flo)  used  in  dense  medium  separation  (DMS) 
processes.  A  perspex  model  of  100  mm  diameter  was 
installed  in  an  experimental  rig  and  a  back-pressure  was 
applied  at  the  tangential  discharges  of  this  cyclone.  Two 
series  of  measurements  were  performed:  a)  a  single  stage 
was  operated  and  the  inlet  Reynolds  number  varied  and  b) 
two  stage  were  operated  in  two  cases  of  equal  and 
different  values  of  back-pressure  at  the  tangential  exits. 
The  results  show  the  existence  of  two  principal  and 
opposite  axial  flows  in  the  cyclone  and  a  swirling  flow 
changing  from  a  forced  vortex  regime  near  the  inlet 
regions  to  a  Rankine  vortex  flow  near  the  tangential  exits. 
Asymmetry  of  the  air-core  was  observed  when  the  LDA 
signals  were  collected  near  the  air-liquid  interface.  Finally 
the  experimental  data  indicate  that  the  flow  depends 
strongly  on  the  pressure  conditions  at  the  tangential  exits. 

1.  INTRODUCTION 

Dense  medium  separation  (DMS)  processes  (also 
sink  and  float  separation)  have  been  known  and  applied 
industrially  for  the  treatment  of  coal  and  metallic  and  non- 
metallic  minerals  for  many  years.  Recently,  there  was  a 
renewed  interest  in  using  DMS  process  for  a  number  of 
new  applications,  such  as  industrial  minerals  processing, 
materials  recycling,  environmental  technologies,  etc. 

DMS  is  a  process  applied  to  the  separation  of 
particles  in  a  liquid  or  a  fairly  stable  suspension  of  a 
predetermined  density,  chosen  such  that  it  is  higher  than 
the  lighter  constituents  {float)  and  lower  than  the  heavier 
constituents  {sink).  While  in  a  static  separator  the  essential 
separating  force  is  gravitational  in  a  dynamic  DMS 
process,  like  that  developed  in  a  cyclone,  a  centrifugal 
movements  is  imposed  to  the  flow  so  that  the  forces 
tending  to  separate  heavies  and  lights  are  greater. 


Burt(1984)  and  Ferrara  (1995)  describe  the  different 
aspects  of  the  separation  in  DMS  processes. 

One  of  the  dynamic  separators  which  is  attracting 
greater  interest  is  the  DMS  cylindrical  cyclone  Tri-Flo 
(Figure  1),  because  it  seems  to  ensure  high  separation 
sharpness  due  to  its  multi-stage  separation.  The  device, 
subject  of  the  present  work,  consists  of  two  equal 
cylindrical  compartments  connected  through  an  axial 
orifice.  Each  compartment  has  an  involute  feed  inlet,  an 
involute  outlet  {sink  discharge)  and  an  axial  yZoaf  passage 
(vortex  finder).  The  dense  medium  is  fed  through  {htfeed 
inlets  establishing  a  strong  swirling  flow  with  a  central 
low  pressure  region,  which  causes  the  formation  of  an  air- 
core  along  the  axis  of  the  vessel.  The  solid  material  enters 
axially  into  the  first  compartment,  where  the  heaviest 
particles  are  separated  in  the  vortex  flow  and  are  removed 
through  the  first  involute  outlet,  while  the  lightest  ones  are 
carried  forward  into  the  second  cyclone  and  are  treated 
again  to  produce  a  new  heavy  class  and  a  final  float 
product.  For  one  density  separations  the  two  stages  are  fed 

Sink  discharge  1 


Fig.  1  The  two  stage  Tri-Flo  separator. 
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with  the  same  medium,  with  the  two  sink  flows  being 
combined  into  a  single  product. 

A  comparison  between  the  cylindrical  separators  and 
other  vessels  has  often  been  the  object  of  discussion,  but 
compared  to  the  large  body  of  works  dealing  for  example 
with  the  conical  cyclone,  a  few  investigations  (Kirchberg 
and  Schulze,  1968;  Baranov  et  al,  1984;  Hacioglu  and 
Turner,  1985)  have  been  performed  on  the  DMS 
cylindrical  cyclones. 

In  order  to  obtain  a  more  detailed  knowledge  of  the 
characteristics  of  the  flow  and  a  better  understanding  of 
the  separation  process  in  the  DMS  cylindrical  cyclone,  it 
was  decided  to  carry  out  measurements  of  velocities  in  the 
Tri-Flo  centrifugal  separator.  Since  intrusive 
measurements  in  cyclones  could  be  of  questionable  values, 
being  that  vortex  flows  are  sensitive  to  disturbances 
originated  by  the  probes,  it  was  decided  to  perform  the 
measurements  with  a  laser-DoppIer  anemometer,  which 
permits  a  complete  no-intrusive  mapping  of  the  flow  field. 
The  experimental  work  was  performed  in  the  laboratories 
of  the  Department  of  Metallurgical  Engineering  at  the 
University  of  Concepcidn  (Chile). 


Fig.  2  The  experimental  rig. 


2.  EXPERIMENTAL  SET-UP 


This  section  describes  briefly  the  experimental 
arrangement  used  during  the  investigation  and  which  is 
shown  in  Figure  2.  More  details  are  given  by  Chine  (1995) 
in  his  research  work. 

2.1  Flow  Configuration 

A  well  machined  perspex  model  of  the  Tri-Flo 
separator  was  installed  in  the  closed  rig  (Figure  1)  and 
was  positioned  with  an  inclination  angle  of  1 5'’  about  the 
horizontal  direction.  This  inclination  was  chosen  in  such  a 
way  that  the  cyclone  was  operated  in  the  counter-current 
mode,  i.e.  in  each  compartment  the  sink  flow  moved 
upwards  against  the  gravity.  The  geometric  dimensions  of 
the  two  equal  cyclonic  compartments  are  given  in  Table  1. 

Water  was  utilised  in  the  experimental  test  and  it 
was  admitted  to  the  two  stages  of  the  cyclonic  separator 
under  controlled  flow  conditions.  The  fluid  was  pumped 
from  a  0.665  m^  sump  and  was  split  in  two  currents  by  a 
set  of  valves.  Feed  pressure  and  flow  rates  were  monitored 
with  a  differential  pressure  cell  and  a  rotameter.  Back¬ 
pressure  was  applied  at  the  two  involute  outlets  (sink 
discharge)  using  a  water  column  and  the  two  flows,  which 
discharged  against  the  back-pressure,  were  measured  by 
sampling  volumes  of  water.  The  axial  flow  through  the 
float  exit  was  monitored  with  a  differential  pressure  cell. 
The  temperature  of  the  fluid  was  controlled  within 
23-r24°C  with  a  cooling  coil  in  the  installed  sump. 

2.2  Measurements  Techniques 

The  velocity  profiles  inside  the  vessel  were 
measured  using  the  laser-Doppler  velocimeter  shown 
schematically  in  Figure  2.  The  velocimeter  is  a  Dantec  two 
component  fibre  optic  system  with  Burst  Spectrum 
Analysers  (BSA)  and  an  automatic  computer  controlled 
three  component  traverse  system. 

Coherent  light  with  wavelength  in  the  range 
457-^514.5  nm  from  a  300  mW  Argon-Ion  laser  was 
directed  to  a  transmitter  box  where  frequency  shifting,  to 
remove  the  direction  ambiguity  of  the  velocities  (Durst  et 
al.,  1981;  Adrian,  1983),  and  colour  separation  were 
performed.  A  Bragg  cell  splits  the  light  beam  in  two 
beams  with  a  40  MHz  frequency  shifting.  These  beams 
then  pass  through  a  dispersion  prism  which  provides  two 


Table  1  Dimensions  of  the  Tri-Flo  model  (mm) 


hmer  diameter 

100 

Length  of  each  compartment 

345 

Wall  width 

10 

Inlet  section 

20x20 

Outlet  section 

25x25 

Float  discharge  diameter 

30 

Orifice  between  stage  1  and  2  (diam.) 

40 
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green  (514.5  nm)  and  two  blue  (488  nm)  light  beams.  The 
shifted  and  direct  beams  are  led  to  output  aperture,  where 
fibre  manipulators  are  used  to  focus  the  beams  into  fibre 
optic  cables.  Then  a  probe  with  a  1 60  mm  focal  length 
lens  and  a  beam  intersection  angle  of  0.236  rad  causes  the 
four  beams  to  intersect.  The  same  lens  collect  the  scattered 
light  coming  back  from  the  measurement  volume,  since  the 
air-core  doesn’t  permit  the  use  of  the  forward-scattering 
mode.  Finally  the  back-scattered  light  is  separated  into 
green  and  blue  components  and  is  directed  onto  two 
photomultipliers. 

The  Doppler  signals  were  processed  in  two  Burst 
Spectrum  Analysers  with  fast  Fourier  transform  in  order  to 
extract  the  Doppler  frequencies.  The  BSA  master  for 
measuring  the  axial  component  of  the  velocity  and  the 
BSA  slave  for  the  tangential  component  were  set  to  run  in 
a  continues  data  collection  mode.  Data  was  transferred  to  a 
computer  for  processing  via  a  IEEE-488  interface. 

In  order  to  map  the  velocity  distribution  throughout 
the  cyclonic  separator  the  probe  was  moved  in  front  of  the 
vessel  using  a  highly  accurate  three  component  {x-y-z) 
traverse  system,  which  was  controlled  by  a  computer  via  a 
RS-232  interface. 

The  BurstWare  2.0  software  package  was  used  to 
collect  all  the  data,  move  the  traverse,  process  the  data  and 
to  present  the  results. 

To  minimise  the  optical  refraction  of  the  laser 
beams  at  the  curved  walls,  the  vessel  was  immersed  in  a 
water-filled  jacket  (Fingerson  et  al,  1991),  thus  the 
change  in  refractive  index,  n,  and  hence  the  also  the  grade 
of  refraction,  on  passing  from  the  surrounding  water 
(n=1.33)  to  the  perspex  («=1.49)  was  smaller  than  it 
would  have  been  in  the  absence  of  the  jacket. 

Measurements  of  the  V  axial  and  W  tangential 
velocity  components  profiles  were  thus  performed  on  the 
axial  half  plane  placed  on  the  sink  discharges  side.  The 
laser  beam  intersection  was  moved  on  this  half  plane,  from 
the  wall  towards  the  central  air-core  interface,  using  a 
radial  step  of  1.35  mm.  For  one  predetermined  operation 
condition  eleven  equally  spaced  radial  velocity  profiles 
were  obtained  for  each  cyclonic  compartment.  No  velocity 
measurements  were  carried  out  close  the  wall.  The 
position  of  the  laser  beam  intersection  within  the  fluid  was 
calculated  by  employing  the  equations  given  by  Gardavsky 
et  al  (1989).  Then,  it  was  practically  implemented  using  a 
relationship  obtained  by  traversing  the  laser  beam 
intersection  between  the  opposite  extreme  locations  at  the 
irmer  side  of  the  wall. 

Finally,  the  fluid  in  the  closed  experimental  rig  was 
seeded  with  latex  painting  particles  and  a  sample  of  1000 
velocity  data  was  collected  in  each  measuring  point.  Due 
to  the  small  error,  no  refraction  corrections  were  applied  to 
the  interference  fringe  spacing  of  the  velocity  data 
samples. 


3.  RESULTS  AND  DISCUSSION 

Since  the  first  observations  made  by  A  M.  Binnie 


(Binnie  and  Hookings,  1948)  evidence  existed  that 
swirling  flows  are  very  complex.  In  fact,  air-core 
displacement,  vortex  core  precession,  recirculation  etc.  are 
important  phenomena  exhibited  in  cyclonic  flows.  In  an 
interesting  work  Escudier  et  al.  (1980)  showed  with  the 
aid  of  LDA  that,  under  a  strong  swirling  flow  regime, 
reverse  flow  in  proximity  of  the  axis  of  a  vortex  tube  can 
occur. 

During  our  LDA  measurements  it  was  possible  to 
observe  that  the  air-core  was  asymmetric  and  that  the 
oscillations  of  air-liquid  interface  produced  some  problems 
when  the  data  were  collected  near  the  air-core  region. 
Figure  3  presents  two  LDA  time  series  for  the  tangential 
velocity  component  W  obtained  in  two  successive 
measurement  points  (1.35  mm  distant)  near  the  air-core 
region,  when  the  inlet  Reynolds  number  was  6x10'*.  As 
soon  as  the  measurement  volume  enters  the  displacement 
zone  of  the  oscillating  air-liquid  interface  some  velocity 
data  appear  around  the  zero  value  (Figure  3a).  Then,  when 
the  traverse  moves  to  the  successive  point,  placing  the 
beam  intersection  closer  to  the  interface,  the  number  of 
zero  values  grows  and  the  RMS  value  of  the  measurement 
is  greater  (Figure  3b).  Raw  estimations  of  the  interface 
displacement  and  of  the  air-core  diameter  were  made,  thus 
establishing  the  measuring  grid  in  the  radial  direction. 
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Fig.  3  Time  Series  for  LDA  data  near  the  air-core. 
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3.1  Measiirements  With  Only  One  Operating  Stage 

In  this  section  we  present  results  of  axial  and 
tangential  velocity  components  obtained  when  the  Tri-Flo 
was  operated  with  only  one  stage.  This  case  represents  the 
swirling  flow  inside  a  counter-current  cylindrical  cyclone 
with  axial  and  tangential  discharges. 

The  radial  profiles  of  the  axial  and  tangential 
velocity  components  are  shown  in  Figure  4  in  eleven 
different  sections  inside  the  cyclone.  The  LDA  data  were 
obtained  for  a  Re  of  6.3x10'’  by  measuring  in  the  second 
cylinder,  where  radial  steps  of  1 .35  mm  and  axial  steps  of 
25.2  mm  were  used  (the  section  1  was  7  mm  distant  from 
the  closest  vortex  finder).  The  measurements  of  the  V 
component  show  the  existence  of  a  complex  flow 
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Fig.  4  LDA  measurements  of  velocities  {Re=  6.3x10'’; 
backpressure=40  cm  of  water  column);  (a)  axial 
velocity;  (b)  tangential  velocity. 


pattern  inside  the  cyclone.  There  are  two  principal  and 
opposite  flows:  a)  the  first  negative  flow  moves  near  the 
wall  against  gravity  to  the  involute  discharge;  b)  the 
second  positive  flow  near  the  air-core  (reverse  flow) 
moves  to  the  axial  exit.  Between  these  principal  opposite 
currents  there  are  two  adverse  secondary  flows,  which 
confirm  a  more  complex  flow  pattern  than  that  of  the 
swirling  flows  in  conical  cyclones.  Nuttal  in  1926  and 
Bitmie  in  1957,  as  reported  by  Nissan  and  Bresan  (1961), 
observed  a  reversed  flow  located  between  two  ascending 
currents  in  a  cylindrical  tube.  On  the  other  hand,  the 
tangential  velocity  profiles  of  Figure  4  show  a  swdrling 
flow  changing  from  the  inlet  region  to  the  involute  outlet. 
In  fact,  on  the  side  of  the  feed  inlet  W  increases  up  to  a 
maximum  value  as  the  radius  increases  and  then  it 
decreases  near  the  wall.  In  the  central  sections  the 
measurements  suggest  that  changes  of  W  with  the  radius 
are  less  pronounced.  Finally,  near  the  sink  discharge,  we 
can  distinguish  a  rigid  body  rotation  close  to  the  air-core 
followed  by  decreasing  tangential  velocities  as  r  increases, 
thus  originating  a  flow  pattern  similar  to  a  Rankine  vortex. 
These  results  agrees  with  the  investigations  of  Kirchberg 
and  Schulze  (1968),  Baranov  et  al.  (1984)  and  Hacioglu 
and  Turner  (1985)  conducted  for  studying  a  counter-flow 
cylindrical  cyclone. 

3.2  Measurements  With  Two  Operating  Stages 

A  complete  set  of  velocity  data  was  taken  to  map  the 
flow  in  the  cyclone  while  it  was  operated  in  the  standard 
mode  (two  stages).  Table  2  gives  the  experimental 
conditions  (a)  and  (b),  to  which  the  next  figures  will  refer. 
The  first  measuring  section  was  placed  near  the  inlet 
region:  at  a  distance  of  20  mm  from  the  vortex  finder  in 
the  first  vessel  and  at  distance  of  7  mm  in  the  second  one. 
The  axial  step  used  was  of  23.1  mm  in  the  first  cylinder 
and  of  25.2  mm  in  the  second. 

Some  interesting  results  obtained  for  the  tangential 
component  in  the  first  stage  are  shown  in  Figures  5  and  6. 
Figure  5  represents  two  plots  of  the  W  velocities  measured 
in  the  section  1  and  Figure  6  the  data  of  the  same  velocity 
component  in  section  11.  The  shape  of  the  profiles  is 
similar  to  those  presented  in  Figure  4,  but  the  application 
of  a  second  stage  doubles  the  values  of  the  W  velocity  in 
the  first  cyclone.  In  Figures  5  and  6  we  can  also  see  that 
only  a  small  change  of  W  is  produced  when  the 


Table  2  Experimental  conditions 


1st  STAGE  2nd  STAGE 


(a) 

(b) 

(a) 

(b) 

Re 

6.1x10'’ 

5.8x10'’ 

6.1x10'’ 

6.1x10' 

Backpressure  (cm 
of  water  column) 

40 

40 

40 

30 

Feed  pressure 

(kPa) 

18.1 

17.0 

18.1 

17.0 
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Fig.  5  Tangential  velocity  profiles  in  the  section  1  of  the 
1st  stage. 


Fig.  6  Tangential  velocity  profiles  in  the  section  11  of  the 
1st  stage. 


Distance  from  the  wall  (mm) 


Distance  from  the  wall  (mm) 


Fig.  7  Tangential  velocity  profiles  in  the  section  1  of  the 
2nd  stage. 


Fig.  8  Tangential  velocity  profiles  in  the  section  11  of  the 
2nd  stage. 


back-pressure  is  lowered  in  the  second  stage.  A  different 
situation  is  encountered  in  the  second  cyclone  (Figures  7 
and  8).  On  the  one  hand,  as  it  can  be  appreciated  by 
comparing  Figure  7  with  the  profiles  of  Figure  4,  the  W 
velocity  is  practically  the  same  of  the  one  operating 
cyclone  case  in  the  second  stage.  In  this  case  the 
application  of  a  lower  back-pressure  at  the  sink  discharge 
of  the  second  stage  produces  (see  Figure  8)  an  important 
rise  of  the  tangential  component  velocity  in  the  second 
vessel.  On  the  other  hand,  the  axial  velocity  measurements 
give  origin  to  the  same  patterns  as  shown  in  Figure  4. 

These  results  would  seem  to  confirm  that  the  flow 
regimes  inside  the  two  stages  of  the  separator  are 
interrelated  and  depend  strongly  on  the  pressure  condition 
at  the  exits.  The  centrifugal  acceleration  in  the  separator 
can  be  risen  by  the  application  of  a  second  stage  and  by 
choosing  appropriate  values  of  the  back-pressures.  The 
radial  homogeneity  of  the  tangential  velocity  component  in 
the  middle  of  the  vessel  and  the  less  severe  radial  change 
of  the  axial  velocity  component  could  explain  the  good 


performance  of  the  cylindrical  cyclones. 


4.  CONCLUDING  REMARKS 

Two  components  of  velocities  were  measured  in  a 
multi-stage  DMS  cylindrical  cyclone  (Tri-Flo)  by  laser 
Doppler  anemometry.  This  experimental  techmque  proved 
to  be  a  useful  tool  in  characterising  quantitatively  the 
swirling  flow  in  the  centrifugal  separator.  The  results 
show  that  the  fluid  flow  pattern  in  the  cylindrical  cyclone 
is  very  complex.  The  axial  and  tangential  velocity 
components,  measured  in  a  one-stage  operating  cyclone, 
confirm  some  former  studies  conducted  with  intrusive 
techniques.  For  a  multi-stage  operating  cyclone,  the  results 
provide  valuable  insight  into  the  dependence  of  the 
intpmal  fluid  flow  on  pressure  conditions  at  the  sink 
discharges. 
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ABSTRACT 

The  Phase-Doppler  technique  has  become  one  of 
the  most  important  instruments  in  two  phase  flow  research 
in  recent  years  because  of  its  capability  to  simultaneously 
measure  diameter  and  velocity  of  spherical  particles.  How¬ 
ever,  the  shortcomings  of  this  technique  with  respect  to 
volume  flux  measurement  has  become  increasingly  appar¬ 
ent.  In  order  to  study  the  performance  of  the  different  PDA 
instruments,  comparative  flux  measurements  in  two  charac¬ 
teristic  sprays  using  a  pattemator  and  three  phase-Doppler 
systems  have  been  performed  at  the  'Institut  fur  Thermische 
Stromungsmaschinen'  of  the  University  of  Karlsruhe  (ITS) 
in  cooperation  with  the  'Lehrstuhl  fur  Stromungsmechanik' 
of  the  University  of  Erlangen-Niimberg  (LSTM)  and 
DANTEC/invent  Measurement  Technology  GmbH  in 
Erlangen. 

The  results  of  this  smdy  clearly  indicate  that  espe¬ 
cially  in  dense  sprays,  mass  flux  determination  by  the 
phase-Doppler  technique  is  still  critical.  Further  efforts  to 
improve  the  reliability  of  the  system  and  to  identify  the 
possible  sources  of  errors  are  necessary.  However,  the 
DualPDA  technique  shows  a  significant  improvement 
compared  to  the  oAer  instruments  under  investigation. 

1.  INTRODUCTION 

For  investigations  of  atomizer  characteristics, 
measurement  techniques  are  required  which  facilitate  local 
measurements  within  a  spray  cone.  In  order  to  guarantee  an 
optimal  atomization  process,  one  of  the  most  important 
spray  parameters  to  be  analyzed  is  the  local  volume  flux  or 
mass  flux  in  the  two-phase  flow  produced.  The  mass  flux  is 
also  an  important  quantity  when  evaluating  transport  proc¬ 
esses  of  sprays,  for  instance  evaporation  or  wall  impact 
splashing.  In  fact,  quantitative  comparison  between  nu¬ 
merical  simulation  of  dispersed  two-phase  flows  and  ex¬ 
periment  rely  almost  entirely  on  an  accurate  measurement 
of  local  mass  flux. 

Essentially  only  two  measurement  instruments  are 
suitable  for  this  kind  of  investigation.  On  one  hand,  there  is 
the  pattemator,  characterized  by  a  systematic  arrangement 
of  tubes  collecting  droplets  and  accumulating  their  liquid 


volume  for  a  sufficient  duration.  On  the  other  hand,  phase 
Doppler  techniques  (PDA)  provide  local  volume  flux  and 
mass  flux  information.  In  addition  to  the  capabilities  of  a 
pattemator,  the  non-intrusive  phase  Doppler  technique 
provides  local  measurement  of  particle  velocity  and  size 
distributions.  Furthermore,  the  PDA  is  more  widely  appli¬ 
cable  in  flow  configurations  in  which  the  main  flow/spray 
direction  is  not  well  defined,  e.g.  in  the  case  of  recircula¬ 
tion.  In  such  two-phase  flows  the  pattemator  represents  a 
disturbance  which  is  unacceptable. 

Although  in  the  past  years  the  phase  Doppler  in- 
stmment  has  become  a  powerful  tool  for  spray  characteri¬ 
zation  with  respect  to  the  droplet  size  and  velocity,  errors 
of  magnitude  100%  and  above  regarding  the  mass  flux  have 
been  reported.  Such  errors  have  been  attributed  to  several 
different  sources,  including  improperly  sized  droplets 
[Grdhanetal.  (1991)],  non-uniform  reference  area  for  the 
measurement  [Saffman  (1987),  Durst  et  al.  (1994)]  or 
incorrect  particle  counts  due  to  poor  signal  validation. 
More  recently,  considerable  effects  have  been  extended  to 
minimize  or  compensate  for  such  errors  and  thus  increase 
the  reliability  of  mass  flux  measurements  made  using  PDA. 
Three  such  improved  systems  were  available  for  the  present 
study,  in  which  the  PDA  instrument  could  be  Erectly 
compared  with  pattemator  results  in  a  spray  for  which  the 
latter  can  be  used  with  confidence.  The  aim  of  the  present 
study  is  therefore  to  evaluate  the  achievable  accuracy  of  the 
PDA  instmments  in  measuring  mass  flux.  The  evaluation 
has  been  carried  out  for  two  spray  nozzles,  a  pressure  swirl 
nozzle  and  an  airblast  atomizer.  In  both  cases  the  spray  had 
a  well  defined  mean  flow  direction. 

The  generality  of  the  results  presented  here  is  lim¬ 
ited.  This  becomes  apparent,  when  the  influencing  factors 
of  measuring  accuracy  are  discussed  in  more  detail  below. 
Nevertheless  some  basic  recommendations  and  guidelines 
can  be  derived  from  the  results  presented  below. 

The  paper  is  organized  in  the  following  manner. 
The  specific  features  of  the  various  instruments  used  in  this 
smdy  are  described  in  section  2.  The  operating  details  of 
each  instmment  and  a  general  description  of  the  experimen¬ 
tal  procedure  are  given  in  section  3.  Measurement  results 
are  presented  in  section  4  and  a  discussion  with  conclu¬ 
sions  is  found  in  section  5.  A  general  introduction  to  the 
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task  of  measuring  mass  flux  and  concentration  is  given 
below. 

Basically  there  are  two  approaches  to  measuring 
mass  flux  using  PDA.  With  the  first  approach,  the  number 
and  size  of  droplets  passing  normal  through  a  reference 
area  per  unit  time  are  counted  and  the  resulting  volume  flux 
is  then  multiplied  by  the  density,  as  given  in  the  equation 
below  for  the  flux  normal  to  the  x  direction. 

f 

^  6Ar-“A^(D;)  17, .  (1) 

whereby  the  velocity  is  used  only  to  determine  the 
direction  of  the  individual  droplets.  Note  that  the  area  is 
expressed  as  a  function  of  the  droplet  diameter,  a  necessity 
with  PDA  instruments,  since  the  detection  probability  of  a 
droplet  is  fundamentally  a  function  of  droplet  size  and 
trajectory  through  the  measurement  volume.  Several 
schemes  have  been  proposed  to  account  for  this 
[Saffman  (1987)]  or  to  minimize  the  effect  by  devising  an 
amplitude  independent  signal  detection,  for  instance  using 
the  signal-to-noise  ratio  (SNR)  [Qiuetal.  (1994)].  Experi¬ 
ence  shows,  that  some  influence  of  the  signal  amplitude 
always  remains,  particularly  as  the  bandwidth  of  the  size 
range  is  increased. 

Eqn.  1  can  often  be  found  in  a  slightly  modified 
form,  for  instance  if  the  summation  is  not  performed  over 
each  individual  droplet  but  rather  over  groups  of  droplets 
of  similar  size 
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where  N^  is  now  the  number  of  droplets  in  each  size  group, 
i.e.  the  number/size  distribution  and  Nj  is  the  number  of 
segments  the  size  distribution  is  computed  in.  Further 
modifications  to  this  expression,  to  account  for  more  turbu¬ 
lent  flow-fields,  i.e.  flows  in  which  the  main  flow  direction 
is  not  primarily  normal  to  A,,  have  been  discussed  in  Tro- 
pea  et  al.  (1996)  and  will  be  described  briefly  in  section 
2.3. 

A  second  approach  to  measuring  the  mass  flux  is  to 
measure  first  the  droplet  size  dependent  concentration  and 
then  apply  the  droplet  size  dependent  velocity  to  obtain  the 
mass  flux.  This  approach  is  implemented  using  size  groups 
of  droplets; 
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where  i  and  j  are  the  denotations  for  the  individual 
size  class  and  the  individual  sample  in  each  size  class, 
respectively.  Intyfdj)  denotes  the  time-dependent  integra¬ 
tion  of  the  envelope  of  the  filtered  Doppler  signal  of  each 
measured  individual  sample,  multipli^  with  its  velocity 
component  in  the  direction  of  interest. 

JJJ  V(d  j ,  x,  y,  z,  t)  dv  describes  the  spatial  integration 

Vol(di) 


of  the  signal’s  envelope.  The  principle  is  further  explained 
in  section  2.4,  however  it  is  clear  that  the  droplet  velocity 
now  plays  a  much  more  important  role  in  the  mass  flux 
measurement  than  in  eqn  1. 

Considering  briefly  sources  of  error  these  can  be 
identified  readily  from  Eq.  2  as  being: 

•  size  measurement  -  particularly  significant  due  to  the 
third  power  dependence 

•  number  count  -  depends  on  detection  electronics  and 
possible  validation  scheme 

•  reference  area  -  depends  on  droplet  size,  optical  con¬ 
figuration  but  possibly  also  on  validation  scheme 

Note  that  in  a  polydisperse  spray  the  smaller  drop¬ 
lets  will  not  influence  the  mass  flux  significantly,  so  that 
poor  detection  of  small  droplets  should  not  be  a  major 
source  of  error,  however  small  droplets  sized  as  large 
droplets  (e.g.  slit  effect  [Durst  etal.  (1994)])  or  large 
droplets  sized  as  small  droplets  (trajectory  effect)  remain 
problems  to  be  addressed.  A  further  difficulty  arises,  when 
the  validation  rate  is  low,  either  due  to  high  droplet  densi¬ 
ties  with  more  than  one  particle  in  the  probe  volume,  non¬ 
sphericity  of  the  droplets  or  to  other  causes,  such  as  trajec¬ 
tory  effect  validation.  In  such  cases  the  mass  of  the  rejected 
droplets  is  missed  or  discarded  and  there  is  no  reliable  way 
to  compensate  for  this.  Some  instruments  simply  scale  the 
measured  number  fraction  by  the  inverse  of  the  validation 
rate,  which  will  only  be  correct  if  there  is  no  correlation 
between  validation  and  droplet  size,  which  is  definitely  not 
the  case  for  trajectory  effect  rejections. 

A  final,  more  subtle  source  of  error  is  the  alignment 
and  adjustment  of  the  instrument.  For  reasons  which  are 
not  always  completely  understood,  but  which  are  clearly 
authentic,  the  measured  mass  flux  may  be  very  dependent 
on  the  optical  alignment  (transmitting  and  receiving  side), 
the  photo-detector  high  voltage,  amplifier  settings,  etc.  A 
robust  system  is  one  in  which  small  changes  in  parameter 
settings  have  little  influence  on  the  reading  or  one  in  which 
an  alignment  and  operating  procedure  is  well  enough  pre¬ 
scribed  to  insure  a  high  degree  of  repeatability.  Although 
these  aspects  are  to  some  extent  subjective  criteria,  some 
attempt  has  been  made  to  conunent  on  system  robustness 
below. 

2.  DESCRIPTION  OF  MEASURING  EQUIPMENT 


2.1.PATTERNATOR 

The  term  adopted  for  the  process  to  determine  the 
spatial  distribution  in  the  spray  cone  is  'spray  pattemation' 
and  therefore  the  instrument  is  called  a  'pattemator'.  In 
contrast  to  the  other  instruments  used  in  this  study  it  can  be 
classified  as  an  extractive  probing  technique.  Generally  two 
different  methods  can  be  differentiated:  Systems  in  which 
the  total  fluid  in  the  spray  is  collected  and  systems  using 
isolated  probes  or  an  array  of  probes  in  which  only  a  frac¬ 
tion  of  the  fluid  in  the  spray  is  captured.  The  instrument 
used  in  this  study  belongs  to  the  latter.  It  was  especially 
designed  at  the  'Institut  frier  Thermische  Stroemungs- 
maschinen  (ITS)'  for  the  use  in  high  speed  sprays  like 
airblast  atomizers  and  as  a  reference  tool  for  non-intnisive 
optical  instrumentation  like  the  Phase-Doppler-Analyzer. 
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Therefore,  special  care  was  taken  in  the  design  of  the  in¬ 
strument  to  avoid  disturbances  in  the  flow  field  or  the  spray 
by  the  pattemator.  In  contrast  to  most  pattemator  systems 
described  in  the  literature  [McVey  (1989)]  the  ITS  device 
uses  isokinetic  sampling  and  a  vacuum  technique  to  mini¬ 
mize  interference  with  the  spray.  The  generd  layout  is 
presented  in  Fig.  1.  It  consists  of  a  sampling  array  made  of 
5mm  stainless  steel  tubes.  The  tubes  have  an  inner  diameter 
of  4.8mm  and  an  area  of  18tnm^  to  achieve  a  high  spatial 
resolution.  Up  to  50  tubes  can  be  arranged  to  examine  the 
spatial  flux  distribution  inside  the  spray.  The  sampling 
tubes  are  cormected  with  flexible  hoses  to  the  collectors. 
By  means  of  a  vacuum  control  valve,  sampling  and  trans¬ 
port  conditions  at  the  entrance  to  the  tubes  can  be  adjusted 
according  to  the  spray  under  investigation.  To  restart  the 
pattemator  after  a  measurement  the  collector  bottles  can 
automatically  be  emptied  by  means  of  a  second  vacuum 
connection. 

After  a  certain  period,  typically  0.5  to  1  hour,  the 
collection  of  the  Uquid  is  stopped  and  the  height  of  the 
fluid  is  measured.  By  means  of  the  collected  volume,  the 
time  and  the  sampling  area  the  spatially  resolved  volume 
flux  can  be  calculated. 

Comprehensive  numerical  and  experimental  tests 
have  been  performed  in  the  development  procedure  of  the 
ITS  pattemator  to  minimize  systematic  errors.  The  average 
error  was  found  to  be  around  5% 


Vacuum 


Fig.  1:  Layout  of  the  ITS  pattemator  system 
2.2  PDPA 

The  Phase-Doppler  Particle  Analyzer  (PDPA)  used 
in  this  study  was  one  of  the  first  generation 
AEROMETRICS  counter-based  instmments.  A  detailed 
description  of  the  instrument  was  given  by  Bachalo  (1984). 
In  the  following,  only  the  relevant  aspects  concerning 
volume  flux  measurements  are  presented  in  detail.  Table  1 
contains  the  parameters  chosen  for  the  PDPA  measure¬ 
ments. 

At  the  ITS  the  AEROMETRICS  software  version 
2.24  is  used,  which  is,  because  of  technical  problems  with 
updates,  not  the  latest  version.  Unfortunately  this  program 
release  gives  obvious  erroneous  values  for  the  measured 
volume  flux.  Therefore  a  post-processing  program  was 
developed  at  the  ITS,  which  reads  in  raw  data  and  calcu¬ 
lates  volume  flux  in  the  way  described  below.  A  compari¬ 


son  with  the  latest  software  version  2.27E  gives  identical 
values. 


Transmitter:  ^  ^  '  | 

axial 

trans. 

Laser  wavelength  fnm] 

514.5 

488 

Laser  power  fmW] 

100 

focal  length  Ftriml 

500 

beam  separation  [mm] 

20 

10 

frequenzy  shift  [MHz] 

1.2 

0.8 

Probe  volume  diameter  [pm] 

250  1 

1  ,  .  .  Receiver:  I 

Off  axis  angle  [°] 

30 

focal  length  [nun] 

500 

Aperture  slit- width  [pm] 

100 

Table  1:  Configuration  of  the  PDPA 

In  principle,  Eq.  2  is  used,  where  the  most  critical 
parameter  is  the  probe  area  of  individual  droplet  size 
classes.  Neglecting  effects  of  the  slit  aperture,  the  probe 
volume  has  the  shape  similar  to  a  cigar.  The  diameter  of 
this  'cigar'  is  measured  on-line  in  the  direction  of  the  main- 
flow.  For  this,  an  analysis  of  the  probability  density  func¬ 
tion  of  measured  fringe  counts  for  all  events  of  each  indi¬ 
vidual  droplet  size  class  is  performed.  The  sharp  edge  in 
this  probability  density  functions  towards  large  fringe 
counts  is  taken  to  calculate  the  probe  volume  diameter  by 
means  of  the  fringe  spacing.  With  the  simplified  assump¬ 
tions  of  a  Gaussian  intensity  distribution  in  the  probe  vol¬ 
ume  and  a  quadratic  dependence  of  scattered  intensity  on 
droplet  diameter,  a  fit  for  all  measured  droplet  size  depend¬ 
ent  path  lengths  gives  the  required  information  about  the 
individual  probe- volume  diameter  values. 

The  sUt  aperture  in  the  receiver  optics  cuts  a  disc 
out  of  the  above  mentioned  'cigar'.  This  disc  represents  the 
actual  probe  volume  of  the  instrument.  Assuming  uniform 
flow  in  the  main  flow  direction,  the  probe  area  is  calculated 
from  the  measured  diameter  of  the  probe  volume  and  the 
projected  slit  width; 

Even  if  the  influence  of  all  parameters  is  not  inves¬ 
tigated  in  detail,  it  is  clear,  that  this  method  suffers  from 
several  limitations; 

•  a  large  number  of  droplet  size  classes  with  a  sufficiently 
high  number  of  droplet  counts  is  required  in  order  to  give 
sensible  results  for  the  probe  volume  diameter 

•  the  limited  number  of  fringes  in  the  probe  volume  gives 
finite  resolution  to  the  measurements  of  the  probe  volume 
diameter.  Increasing  the  fringe  number  indefinitely  is 
however  not  possible  due  to  constraints  imposed  by  the 
sizing  and  velocity  measurements. 

•  The  method  is  extremely  sensitive  to  trajectory  deviations 
from  the  main  flow  direction,  which  can  only  be  fully 
corrected  using  a  3  component  velocity  measurement. 

•  Gaussian  beam  effects  usually  result  from  particle  trajec¬ 
tories  through  one  side  of  the  probe  volume.  If  these 
droplets  are  rejected,  the  probe  volume  is  no  longer 
symmetric. 

Determining  the  probe  volume  diameter  along  the 
main  flow  axis  gives  therefore,  values  which  are  too  large 
for  the  probe-area  perpendicular  to  the  main  flow  direction. 
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Considering  all  the  errors  discussed  in  the  intro¬ 
duction,  it  is  clear  that  this  method  may  be  suitable  for 
simple,  well  directed  flows,  but  will  lead  to  erroneous 
results  under  complex,  technically  relevant  conditions. 

23.  DUAL-PDA 

The  DualPDA  from  DANTEC/invent  is  a  specially 
designed  PDA  receiving  optics  recently  developed  and 
released.  Due  to  the  already  mentioned  shortcomings  of 
conventional  PDA  systems  leading  to  erroneous  mass  flux 
results  when  applied  to  relatively  large,  transparent  parti¬ 
cles,  the  new  DualPDA  was  developed  to  enhance  meas¬ 
urement  accuracy.  In  particular,  the  accuracy  of  mass  flux 
and  concentration  measurements  are  significantly  im¬ 
proved.  Furthermore,  the  trajectory  effect  [Grdhanetal. 
(1991)]  and  the  slit  effect  [Durst  etal.  (1994)]  leading  to 
ambiguous  particle  sizes  measurements,  are  eliminated  by 
means  of  the  new  arrangement  of  the  receiving  apertures. 
The  DualPDA  actually  combines  two  different  types  of 
Particle  Dynamics  Analyzers,  a  conventional  PDA  and  a 
planar  PDA  as  shown  in  Fig.  2. 


Fig.  2:  Principle  layout  of  the  DualPDA 

For  the  comparison  measurements  between  patter- 
nator  and  DualPDA,  the  DualPDA  was  set  up  with  an  off- 
axis  angle  of  30°  (Fig.  3). 


Fig.  3:  Set  up  of  DualPDA  and  pattemator  (top  view). 


Similar  to  conventional  PDA  systems,  the  Du¬ 
alPDA  shows  good  performance  under  these  conditions, 
therefore  this  angle  is  used  for  all  the  instruments.  The 
transmission  optics  consisted  of  an  air-cooled  Ar-Ion  Laser, 
a  fiberoptic  transmitter  facilitating  beam  splitting  and  opti¬ 
cal  frequency  shifting  and  a  FiberFlow  probe.  A  2-D  85 
mm  probe  was  chosen  because  this  type  provides  good 
flexibility  regarding  beam  separation  and  thus  enabling 
variation  of  measurement  ranges.  The  parameters  of  the 
transmission  optics  chosen  for  all  measurements  are  listed 
in  Table  2. 


1  Transmission  Optics  (FiberFlow.  8.S  mm>  ] 

conv. 

planar 

Laser  wavelength  [nm] 

514.5 

488.0 

Laser  power  [mW] 

approx.  60 

focal  length  [mm] 

310 

beam  separation  [mm] 

40 

frequency  shift  [MHz] 

40 

probe  volume  diameter  [pm] 

150.5 

1  Receiving  Optics  (DualPDA)  1 

off-axis  angle  [“1 

30 

focal  length  [mm] 

310 

aperture-slit  [pm] 

100 

aperture  mask 

small  particles 

Table  2:  Configuration  of  the  DualPDA 


For  processing  of  the  Doppler  bursts,  a  covariance 
si^al  processor  (DANTEC/invent  MultiPDA)  was  used. 
This  device  determines  signal  frequency  and  phase  differ¬ 
ence  for  both  the  conventional  PDA  and  the  planar  PDA. 
Besides  analog  signal  processing,  this  type  of  processor 
also  conducts  burst  detection  and  the  initial  signal  valida¬ 
tion  by  an  online  determination  of  the  signal-to-noise  ratio. 

The  second  feature  of  the  quasi  online  signal  vali¬ 
dation  is  contained  in  the  data  acquisition  software 
(SIZEware).  It  is  a  well  known  fact  that  the  detection  of 
nonspherical  particles  is  crucial  for  reliable  mass  flux 
measurement.  This  check  is  performed  by  comparing  the 
particle  sizes  measured  with  the  conventional  PDA  to  those 
measured  with  the  planar  PDA.  Although  this  procedure  is 
similar  to  the  one  incorporated  in  conventional  3-detector 
PDA  systems,  the  reliability  in  the  DualPDA  setup  is  sig¬ 
nificantly  improved  as  shown  by  Tropea  et  al.  (1996). 

Furthermore,  an  improved  validation  routine  im¬ 
plemented  in  the  software  accounts  for  oscillations  in  the 
particle  size  /  phase  difference  response  curve  occurring  for 
small  particles  [Schone  et  al.  (1995)]. 

The  calculation  of  the  particle  size  dependent 
cross-sectional  area,  required  for  determining  the  mass 
flux,  is  based  on  the  burst  length  method  described  by 
Saffman  (1987).  His  method  is  modified  to  yield  more 
accurate  results  in  size  classes  with  few  particles,  typically 
occurring  at  the  upper  end  of  the  measured  particle  size 
distribution.  Also  both  components  ot  the  velocity  are 
considered  in  computing  the  burst  length  [Tropea  et  al. 
(1996)].  A  further  improvement  could  be  achieved  taking 
rejected  events  into  account  for  the  calculation  of  the  mass 
flux  using  the  inverse  of  the  validation  rate  as  a  scaling 
parameter. 

2.4  QIU  &  SOMMERFELD  -  PDA 

The  basic  principle  of  this  signal  processing  tech¬ 
nique  is  to  account  for  the  amplitude  and  integral  intensity 
of  the  reflected  and  refracted  light  to  determine  the  spatial 
volume  concentration  of  the  dispersed  phase.  From  the 
volume  concentration,  the  local  mass  flux  can  be  calcu¬ 
lated.  A  detailed  description  of  the  processing  technique  is 
given  in  Qiu  &  Sommerfeld  (1995)  and  it  will  be  only 
briefly  described  in  this  section. 
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to  Transit  time  ti  t 


Fig.  4:  Envelope  of  the  filtered  Doppler  signal 

The  envelope  of  the  band-filtered  Doppler  signal 
V(di,x(t),y(t),z(t))=V{dj,t)  (see  Fig.  4)  of  each  aquired  sam¬ 
ple  is  integrated  over  the  transit  time  as  well  as  over  the 

space,  using  the  identity  ds  =  |u|dt .  The  indices  i  and  j 

refers  to  the  actual  sample  and  to  the  size  class  in  which  the 
sample  belongs  to. 

‘i  H 

Int  i,  j  (d  i,j )  =  J  V(d  j ,  t)dT  =  J  V(d  j ,  t)ds 

0  '  '  0 


Integrating  over  the  measurement  area  and  over  all  samples 
belonging  to  the  considered  size  class  gives 


Vol; 


(5) 


with  the  average  size  of  the  measurement  area 
A(d  j )  of  the  considered  size  class.  V(d  j )  is  the  envelope 


function  averaged  over  all  trajectories  which  the  particles 
might  have  in  the  measurement  volume.  With  the  definition 
of  the  local  volume  concentration  per  size  class 
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one  finally  obtains 
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The  corresponding  mass  flux  is  obtained  by  multiplying  the 
volume  concentration  with  the  velocity  component  in  the 
considered  direction. 


fx(dj) 
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Summing  Eq.  5  over  all  size  groups  gives  the  inte¬ 
gral  local  mass  flux. 
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Therefore,  with  this  signal  processing  algorithm  the  local 
mass  flux  can  be  determined  with  a  standard,  one  dimen¬ 
sional  PDA  setup. 

In  the  present  measurements,  the  following  optical 
arrangement  was  used:  The  transmitting  optics  consists  of  a 
He-Ne  Laser  with  an  output  power  of  15mW  and  a  double 
Bragg  cell  unit  for  frequency  shifting.  The  focal  length  of 
the  transmitting  and  the  receiving  optics  was  160  mm  and 
310  nun,  respectively.  An  off-axis  angle  of  30°  was  chosen. 
In  the  receiving  optics,  two  avalanche  photodiodes  (APD’s) 
with  slits  of  150pm  in  width  for  spatial  filtering  were  used. 

The  validation  criterion  for  the  signal  acquisition 
are  the  following:  frequency  and  phase  validation  as  well  as 
signal  amplitude  validation.  The  alignment  of  the  optical 
setup,  the  high  voltage  and  amplification  of  the  APD’s 
were  adjusted  in  order  to  minimize  the  signal  amplitude 
errors,  the  frequency  and  phase  errors.  In  Table  3  the  opti¬ 
cal  setup  of  the  transmitting  and  receiving  optics  are  sum¬ 
marized. 


TransmittiDg  0 

pdcs 

Laser-wavelength  fnml 

632.8 

Laser  Power  fmWl 

15 

Focal  length  fnun] 

150 

Beam  separation  [nun] 

10 

Frequency  shift  fMHzl 

1 

Probe  volume  diameter  flim] 

129 

^  Receiving  optics  1 

Off-axis  angle  [°] 

30 

Focal  length  [mm] 

310 

Aperture  slits  [pm] 

150 

Table  3:  Configuration  of  the  QS-PDA 


3.  DESCRIPTION  OF  THE  EXPERIMENT 

The  experimental  investigations  were  performed  on 
a  spray-test-rig  at  the  ITS.  This  test  rig  consisted  of  a  sup¬ 
port  for  the  atomizers  with  the  control  instrumentation  for 
the  nozzle  and  a  tube  200mm  in  diameter  containing  the 
patteraator  rack  and  a  flow  straightener  positioned  l(X)mm 
below  the  nozzle  exit.  A  blower  shown  in  Fig.  5,  estab¬ 
lished  the  background  airflow.  De-mineralized  water  at 
20°C  was  used  as  test  fluid.  The  spray  rig  is  mounted  on  a 
stepper-motor  driven  traversing  system.  By  means  of  the 
traverse  the  probe  volume  of  the  different  phase-Doppler 
systems  was  positioned  2  mm  above  the  center  of  the 
sampling  tubes. 

With  each  PDA  instrument,  preliminary  measure¬ 
ments  were  performed  to  choose  a  suitable  number  of 
samples  to  achieve  stable  mean  values.  T)^pically  10,000 
samples  were  used,  except  in  some  outer  regions  of  the 
spray.  During  these  preliminary  tests  each  instmment  was 
adjusted  such  that  the  measurement  result  was  insensitive 
to  small  changes  in  settings  of  the  processor  or  processing 
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scheme.  In  each  case  the  alignment  and  adjustment,  as  well 
as  the  subsequent  measurements,  were  performed  by  a 
person  completely  familiar  with  the  particular  equipment. 


Fig.  5:  Spray-test-rig  with  instrumentation 
Two  commercial  atomizers  have  been  used: 

•  pressure  swirl  atomizer: 

simplex  pressure  swirl  atomizer  type  Monarch  MTD-92, 
1.35, 30°,  R,  pressure  of  the  water:  p^aar  =  5bar 

•  airblast  atomizer: 

coaxial  jet  airblast  atomizer  type  Schlick  Model  970, 
form  0,  Pressure  of  water:  p^^a^r  =  0.5  bar,  pressure  of  air: 
Pair  =  3  bar. 

In  order  to  avoid  problems  with  remounting  of  the 
atomizers,  the  alignment  of  the  instruments  and  perform¬ 
ance  degradation  of  the  atomizers,  phase-Doppler  and 
pattemator  experiments  were  performed  simultaneously  for 
each  instrument.  Results  are  plotted  relative  to  the  pattema¬ 
tor  values  for  each  individual  instmment  according  to 
Eq.  10. 

-  00) 

k=\ 

4.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  Sauter  mean  diameter  values  plotted  in  Fig.  6 
and  Fig.  7  for  the  pressure  swirl  atomizer  and  the  airblast 
atomizer  respectively,  indicate  that  reproducibility  between 
the  different  instruments  and  operators  is  within  aprox. 
±10%.  A  main  reason  for  this  discrepancy  may  be  difficul¬ 
ties  with  the  different  adjustment  of  the  atomizers  relative 
to  the  instrument,  as  well  as  differences  in  atomizer  per¬ 
formance.  However,  differences  in  that  order  of  magnitude 
were  also  observed  in  other  inter-laboratory  tests.  [Hassa  et 
al.  (1992)]. 


Poaftien  in  Spray  eon*  [mm] 


Fig.  6:  Sauter  mean  diameter,  pressure  swirl  atomizer 

The  measured  distributions  clearly  indicate  that  the 
atomizers  differed  sigmficantly  in  their  spray  characteristic. 
In  general  the  pressure  swirl  atomizer  produced  a  coarser 
spray.  In  addition,  larger  droplets  occuring  in  the  outer 
range  of  the  spray  typically  result  from  ejection  during  the 
atomization  process.  For  the  coaxial  airblast  atomizer  a 
more  uniform  distribution  with  the  larger  droplets  in  the 
center  of  the  spray  was  found.  These  droplets  resulted  from 
the  atomization  process  of  the  liquid  core. 


-40  -30  -20  -10  0  10  20  30  40 

Position  In  spray  cofw  [mm] 

Fig.  7:  Sauter  mean  diameter,  airblast  atomizer 

Fig.  8  contains  the  comparisons  of  normalized  mass 
flux  in  the  spray  of  the  pressure  swirl  atomizer  between  the 
three  phase  Doppler  instruments  and  the  pattemator.  The 
PDPA  (top)  shows  the  largest  deviations,  yielding  only  half 
or  less  of  the  pattemator  results  over  the  entire  spray  cone. 
The  QS-PDA  generally  achieves  better  results  but  it 
switched  fi-om  overprediction  at  the  center  to  underpredic¬ 
tion  at  the  edge  of  the  spray  cone.  The  best  reproduction  of 
the  pattemation  in  the  center  of  the  core  is  given  by  the 
DualPDA  (bottom  figure),  whereas  significant  errors  with 
this  instmment  only  occur  in  the  boundary  areas  of  the 
spray,  possibly  due  to  a  higher  statistical  variance. 

The  distributions  in  the  spray  of  the  airblast  atom¬ 
izer,  see  Fig.  9,  indicate  that  for  this  spray  type,  significant 
errors  occur  in  the  mass  flux  determination  based  on  phase- 
Doppler  measurements  for  all  three  instmments. 
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Fig.  8:  Normalized  volume  flux,  pressure  atomizer 

Their  performance  differs  to  the  one  shown  previ¬ 
ously.  In  this  case  the  QS-PDA  drastically  overpredicts  the 
pattemator  values,  whereas  the  PDPA  and  the  DualPDA 
underpredict. 

To  investigate  these  differences  between  the  pres¬ 
sure  swirl  and  the  air  blast  atomizer,  data  rates  and  valida¬ 
tion  rates  are  listed  in  Table  4  and  a  further  diagram  has 
been  prepared,  showing  profiles  of  the  axial  velocity 
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Fig.  9:  Normalized  volume  flux,  airblast  atomizer 

(Fig.  10)  for  the  pressure  swirl  atomizer  and  for  the  airblast 
atomizer  (Fig.  11).  The  main  difference  between  the  two 
atomizers  is  seen  to  be  the  higher  velocity  and  the  higher 
data  rate. 

Comparing  the  measured  velocity  profiles  for  each 
of  the  atomizers,  shows  that  all  instruments  are  in  close 
agreement  with  one  another  for  the  pressure  swirl  atomizer. 
This  indicates  that  there  were  no  fundamental  errors  in  the 


Fig.  10:  Mean  axial  velocities,  pressure  atomizer 


Fig.  11:  Mean  axial  velocities,  airblast  atomizer 
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choice  of  optical  and/or  processor  parameters,  which  would 
exclude  validation  on  these  grounds.  Nevertheless,  the  QS- 
PDA  shows  slightly  lowered  velocities  for  the  airblast 
atomizer  spray,  indicating  possible  difficulties  with  data 
processing. 


pressure  swirl 

airblast  atomizer 

data  rate 

val.  rate 

data  rate 

val.  rate 

DualPDA 

6kHz 

95% 

35kHz 

85% 

QS-PDA 

9kHz 

99% 

20kHz 

85% 

PDPA 

3kHz 

85% 

13kHz 

70% 

Table  4:  Peak  data  rate  and  validation 


The  validation  rate  in  all  cases  was  high,  since  this 
was  a  primary  indicator  of  correct  instrument  adjustment 
during  the  preliminary  measurements.  Only  the  DualPDA 
used  this  information  to  adjust  the  measured  mass  flux. 
Specifically,  the  rejection  due  to  non-sphericity  was  com¬ 
pensated  using  the  inverse  of  this  validation  rate. 

It  appears,  that  the  high  data  rate  was  an  obstacle 
for  obtaining  correct  mass  flux  measurements.  The  analysis 
of  the  PDPA  raw  data  showed  time  gaps  resulting  from 
internal  data  transfer  which  were  in  the  order  of  5%  of  the 
total  measurement  time  for  the  airblast  atomizer.  For  the 
QS-PDA  the  nominal  data  rate  was  definitely  exceeded 
with  the  airblast  atomizer.  The  behavior  of  the  detection 
electronics  and  the  envelope  integration  circuit  becomes 
unpredictable  in  these  circumstances,  which  leads  to  unre¬ 
liable  estimates  of  the  mass  flux.  Therefore,  no  further 
attempt  to  explain  this  result  is  undertaken.  The  DualPDA 
is  specified  at  100  kHz  or  170  kHz  for  equidistant  samples. 
The  measured  data  rate  of  approximately  35  kHz  therefore 
certainly  lies  below  the  nominal  limits  given  by  the  manu¬ 
facturers  of  the  DualPDA.  Nevertheless,  depending  on  the 
arrival  statistics  of  droplets  even  at  35  kHz  some  events 
will  come  in  short  sequence,  such  that  they  will  fall  in 
deadtimes  of  the  processor.  This  acquisition  time  (or  cycle 
time)  for  the  DualPDA  apparently  lies  at  about  6  jis.  Con¬ 
siderably,  this  could  explain  a  portion  of  the  missing  mass 
flux  of  the  airblast  atomizer  in  the  DualPDA  measurements. 

The  reduced  validation  rate  of  the  PDPA,  which  is 
obviously  a  reason  for  the  unsatisfactory  reproducibility  of 
mass  flux,  results  from  several  data  rejection  algorithms 
like  phase  check,  nonsphericity  check  and  intensity  valida¬ 
tion.  In  this  case,  especially  the  parameters  for  the  intensity 
validation  algorithms  were  found  to  have  a  strong  influence 
on  the  measured  mass  flux.  No  reliable  procedure  for  a 
correct  adjustment  of  these  parameters  was  found,  yet. 
Nevertheless,  based  on  the  results  it  can  be  assumed,  that  a 
global  correction  with  the  inversed  validation  rate  would 
give  significantly  better  results. 

5.  CONCLUSION 

These  results  indicate  that  modem  phase-Doppler 
systems  have  reached  a  high  level  of  reliability  in  character¬ 
izing  sprays.  The  accuracy  of  measurements  in  typical 
pressure  swirl  atomizers  sprays  characterized  by  moderate 
mean  diameters  is  quite  good,  especially  with  advanced 
instruments.  However,  the  determination  of  the  volume  or 
mass  flux  especially  in  dense  sprays  remains  a  problem.  As 
shown  by  this  study  significant  errors  occur  in  the  widely 


used  standard  systems  but  even  in  advanced  instruments. 
Further  efforts  to  identify  the  sources  of  errors  are  still 
necessary  to  improve  the  reliability  of  the  systems.  How¬ 
ever,  the  DualPDA  technique  does  show  a  significant 
improvement  compared  to  the  other  instruments  under 
investigation. 
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ABSTRACT 

The  presented  work  is  part  of  a  project  to  assess  the  suitability 
of  an  electrostatic  atomization  technique  for  the  combustion  of 
liquid  hydrocarbon  fuel  sprays.  Due  to  the  unique  jet  and  drop 
breakup  mechanisms  that  occur  for  electrostatically  charged 
insulating  liquids,  such  as  hydrocarbon  oils,  these  sprays  contain 
large  numbers  of  small  drops.  Also,  since  the  relationship 
between  drop  charge  and  drop  diameter  is  not  linear  smaller 
drops  possess  higher  charge  to  mass  ratios  than  their  larger 
companions  within  the  spray.  Therefore  the  smaller  drops  are 
strongly  repelled,  away  from  the  main  body  of  the  spray  along 
the  axial  centreline  and  a  stratification  of  the  average  (arithmetic 
mean)  diameter  occurs.  Large  drops,  typically  the  same  size  as 
the  orifice  diameter  remain  near  the  spray  centreline  and  the 
average  drop  diameter  decreases  at  progressively  larger  radial 
displacements. 

1.  INTRODUCTION 

Attempts  have  been  made  to  atomize  hydrocarbon  fuels 
electrostatically  during  ttie  past  25  years  using  erdsting 
electrostatic  methods,  (Law,  1978)  but  due  to  the  difficulty  in 
charging  these  insulating  liquids  and  the  low  flow  rates  achieved, 
electrostatic  atomization  has  not  been  a  viable  method  for 
spraying  oDs.  This  has  been  due  to  the  fundamental  difficulty  of 
encouraging  charge,  which  is  present  on  a  conducting  electrode, 
to  migrate  into  an  kisulating  licjuid,  without  causing  the  electrical 
breakdown  of  the  liquid.  Electrostatic  atomization  of  insulating 
liquids  is  possible  by  artificially  enhancing  the  conductivity  of 
the  liquid,  fcy  the  addition  of  an  anti-static  additive.  This  has  been 
achieved  by  Gomez  and  Tang  (1991),  using  heptane  and  phase 
Doppler  anemometry  (PDA)  data  for  the  charged  spray  was 
obtained.  In  the  present  work  (Shrimpton,  1995)  the  objective 
was  to  prcxhice  burnable  sprays  from  cxxnmcxi  industrial  lic]uid 
fuels  ab  initio,  that  is  without  using  additives  or  using  additional 
atomization  methods,  such  as  centrifugal  force  or  air-assist 
atomizer  designs.  The  design  of  this  atomizer  uses  the  charge 
injection  principle  (Kelly,  1984)  and  electrostatically  atcxnized 
combustible  hydrooarbon  sprays  have  been  achieved  (Shrimpton 
et  al,  1996a).  The  maximum  specific  charge  (pv  ,C/m^)  the 
spray  may  contain  has  been  found  to  be  a  function  of  both  flow 


rate  (Qi,  ccf^  and  most  importantly  the  orifice  diameter  (d,  pm) 
as  shown  m  Eg.  1 .  Smaller  orifice  diameter  liquid  jets,  sincre  they 
possess  greater  surface  area  to  volume  ratios  are  able  to  cxxitain 
mcxB  charge  brfore  inducing  corona  and  losing  charge  to  the  gas 
{hase.  The  increase  in  performance  at  higher  flow  rates  is 
thought  to  be  due  to  the  decrease  in  the  residence  time  of  tiie 
charged  species  near  the  corcxia  site  at  the  jet  surface  as  it 
emerges  from  the  orifice.  This  allows  a  more  uniform  charge 
density  profile  across  tiie  orifice  and  increases  the  overall  spray 
volumetric  specific  chaiga 

Phase  Doppler  anemometry  results  for  the  case  of  relatively 
lowfy charged  (pv<-lC/m^)  hydrocarbon  (kerosine)  sprays  have 
been  previcxtsly  described  Shrimpton  et  al,  1995)  where  a 
500pm  orifice  diameter  was  used.  It  was  shown  that  large 
numbers  erf  small  dtqs,  typacally  1/10  of  the  orifice  diameter  are 
pttxiuced  at  sufficient  levels  of  charge  injection.  Larger  drops,  of 
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diametos  oomparaUe  to  flte  diameter  of  the  orifice  contain  most 
of  the  spray  volume.  In  between  these  two  drop  populations,  as 
shown  Fig.  2,  no  additional  drops  were  recordaj  and  this  is 
quite  unlike  what  one  would  expect  from  conventional,  non¬ 
electrostatic  atomizers,  where  one  smoothly  varying  drop 
diameter  versus  frequency  distribution  is  the  norm.  A  discussion 
of  the  jet  breakup  dynamics  and  a  detailed  description  of  the 
electrical  parameters  particular  to  this  design  of  atomizer  are  to 
be  found  in  Yuleet  al.(1995).  However  these  results  relate  only 
to  the  simple  case  of  relatively  lowly  diarged  sprays,  and  the 
objective  of  the  project,  of  which  this  paper  gives  some  results, 
was  directed  towards  high  specific  diarge  sprays,  with  sufficient 
numbers  of  small  drops  to  sustain  stable  combustion.  As  noted 
above  these  highly’  (ddined  by  pv>  -IC/m^)  charged  sprays  may 
only  be  obtained  h^’  using  smaD  orifice  diameters  and  the 
quantitative  results  in  this  paper  describe  charged  hydrocarbon 
sprays  produced  from  a  250pm  diameter  orifice. 


examined.  This  was  possible  by  adopting  the  internal  design  as 
shown  in  Fig.  3,  which  optimised  the  nozzle  cn  die  basis  of 
electrical,  tadier  than  liquid  flow  performance.  The  design 
allows  the  electrode  tip  to  be  placed  in  a  regie®  of  high  liqiud 
velocity  whidi  strips  the  charge  from  the  elearode  much  more 
efficiently  than  die  previous  design  (Y ule  et  al,  1995)  without 
requiring  the  bulk  flow  to  be  especially  hi^,  whidi  would 
require  high  injection  pressures  and  restrict  die  turndown  ratio 
available.  The  liquid  fuel  tested  is  as  used  previously  for  the 
lowly  charged  sprays  (Shrimpton  et  al,  1995),  that  is  a  kerosine, 
sold  conmercially  in  the  UK  by  Shell  as  'komeglow  28',  whidi 
has  a  typical  dynamic  viscosity  and  density  of  O.OOIN  s/m^  and 
780  kg/m’  respectively.  Two  sets  of  quantitative  results  ate 
presented,  for  an  orifice  diameter  of  250pm  and  flow  rates  of  0.5 
and  1.67oc/s,  which  give  mean  injection  velocities  of  10  and  28 
m/s  respectively.  The  spray  specific  charges  were  -1.20  and  - 
1.80C/m’.  These  and  additional  infotmaticxi  for  a  sprty' 
produced  from  an  orifice  diameter  of  150pm  are  summarised  in 
table  1,  below. 


Table  1:  Atomizer  operating  conditions 


Description 

Orifice  diameter  (d,  pm) 

250 

250 

150 

Flow  rate  (  Ql,  cc/s) 

0.5 

1.67 

0.5 

Mean  injection  velocity  (m/s) 

10 

34 

28 

Specific  charge  (py.  C/m’) 

-1.20 

-1.80 

-3.00 

3.  EXPERIMENTAL 

The  nozzle  design  needed  to  be  refined  frexn  the  previous 
wc*k  Oirimpton  et  al,  1995)  to  allow  smaller  orifice  diameters, 
hence  higher  charge  densities  and  better  atomized  sprays  to  be 


Results  are  presented  for  botii  cjualitative  and  quantitative 
flow  visualizatioi  to  give  a  clearer  understanciing  of  the  flow. 
For  he  qualitative  study  a  3W  Ar*  laser  was  used  in  conjunction 
with  a  cyhndrical  glass  rod  of  5mm  diameter  to  illuminate  a 
0.15x0.15m  section  of  tire  spray  and  the  images  were  time 
averaged  over  1  second,  using  IS03200  black  and  white35mm 
film.  The  quantitative  study  used  a  2D  PDA  system,  kindly 
loaned  to  UMIST  ly  DANTEC  (UK)  for  the  duration  of  the 
measurements.  Due  to  the  large  radial  velocities  indicated  above 
a  two  velocity  component  PDA  system  was  particularly  useful 
for  the  results  presented  in  this  sechon.  The  characteristic 
dimensions  of  tiie  njeasurement  system  are  given  in  table  2, 
below. 

The  off  axis  angle  was  the  Brewster  condition,  and  this  angle 
was  found  to  give  the  best  linearity  of  phase  shift  versus  dre^ 
diamaer.  A  description  of  he  Mie  scattering  analysis  undertaken 
and  he  results  fev  various  off  axis  angles  are  given  in  Shrimpton 
et  al.  (1995). 


20.2.2. 


Table  2:  PDA  system  dimensions 


Description 

Value 

Units 

Laser  power 

100 

mW 

Light  wavelength  (u) 

514.5 

nm 

Light  wavelength  (v) 

415 

nm 

Beam  separation 

40 

mm 

Focal  length  (transmitting) 

600 

mm 

Focal  length  (receiving) 

600 

mm 

Measurement  volume  diameter 

0.3 

mm 

Off  axis  angle 

70.6 

o 

Refractive  index  (C^a) 

1.46 

- 

4.  SPRAY  VISUALIZATION  RESULTS 

Qualitative  spray  visualization  results  are  presented  for  the 
three  cases  described  in  table  1.  It  is  noted,  for  reference,  that  an 
uncharged  ’spray”  from  this  atomizer,  at  the  conditicms  described 
in  table  1,  consists  of  stream  of  large  drops  moving  along  the 
spray  centreline.  Fig.  4  shows  the  case  for  a  flow  rate  of  0.5cc/s 
and  a  sptecific  charge  of  pv="l-20C/m^  It  is  shown  that  the 
plume  has  expanded  significantly  and  the  outeimost  drops  of  the 
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Figure  4  :  Free  spray  dynamics,  Ql=0.5cc/s,  Pv— 
1.20C/m^  d=250pm 


daiselypc^julated  core  exhibit  moderate  radial  deflections.  This 
figure  clearly  higjili^ts  the  bimodal  nature  of  most  charged 
sprays.  Recirculaticxi  is  also  observed  at  sm^  axial 
displacements,  near  the  injector,  and  this  is  due  to  small  charged 
dtt^,  produced  from  jet  breakup,  being  attracted  back  towards 
the  earthed  atomizer  body.  For  higher  flow  rates  and  specific 
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Figure  5 :  Free  spray  dynamics,  Ql=1.67cc/s,  Pv=- 
1.80C/m*,  d=250pm 
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Figure  6 :  Spray  dynamics  near  earthed  surfaces, 
Ql=1.67cc/s,  pv■=-1.80C/m^  d=250pm 
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charge,  shown  in  Rg.  5,  with  ttie  earthed  plate  removed,  the 
amount  of  scattered  li^t  increases  significantly  and  the  spray, 
under  the  influence  of  space  charge  forces  e;q)ands  to  fill  the 
volume  illuminated.  The  sprays  presented  show  strong  radial 
forces  acting  on  tiie  drop  trajectories  and  CFD  modelling 
(Shrimpton  et  al,  1996b)  has  revealed  that  the  radial  electric 
field,  due  the  approximate  cylindrical  symmetry,  is  at  least  an 
order  erf  magnitude  greater  than  the  axial  electric  field  generated 
by  the  charged  drqjs  near  the  centreline.  The  drop  trajectories 
are  very  well  ordered,  typically  emerging  normally  frexn  the 
spray  core  and  diverging  at  larger  radial  displacements.  As 
shown  in  Rg  6,  for  the  same  flow  conditions  as  in  Rg  5,  the 
effect  of  placing  an  earthed  surface  at  x=0.15m  and  y=0.15m  is 
pronounced.  The  smaller  drops  near  the  spray  periphery  appear 
to  follow  the  electric  field  lines  expected  between  the  nozzle 
injector  and  the  earthed  plates.  This  shows  that  drop  trajectories 
may  be  easily  influenced  away  from  the  dense  core  of  the  spray, 
even  by  earthed  plates  and  shows  that  the  bulk  spray  charge  has 
little  influence  away  from  the  axial  centreline.  Results  for  a  spray 
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Figure  7  :  Free  spray  dynamics,  Q[j=0.5cc/s,  p.^.=^ 
3.00C/m^,  d=150(jm 


produced  ly  a  ISOpm  orifice  were  also  obtained  and  an  example 
is  shown  in  Fig.  7.  The  increase  in  specific  charge  (highlighted 
in  Fig.l)  produces  still  higher  drop  number  concentratiexts  and 
trajectory  deflections.  This  is  evident  since  a  great  deal  of  light 
is  still  scattered  in  Fig.  7,  despite  a  flow  rale  only  approximately 
1/3  of  the  flow  rate  in  Figs.  5  and  6. 


5.  DROP  DIAMETER  RESULTS 

Quantitative  results  for  the  two  flow  rates  using  an  rxifice 
diam^er  of  250yana  are  now  presented.  Figure  8  shows  die  axial 
variation  in  drop  diameter  number  distribution  witiiin  the  core 
for  a  flow  rate  of  Qt,=03cc/s.  The  results  are  very  different  from 


the  spraj-s  presented  in  Rg  2  for  an  atomizer  with  an  orifice 
diamaer  of  500pm  since  the  distributirxi  is  now  continuous.  The 
multimodal  character  of  the  charged  spray  distributicn  is 
preserved  but  there  are  no  intervals  where  drop  diameters  are  not 
detected.  At  small  axial  displacements  a  range  of  drop  sizes  in 
the  range  300>D>-0pm  predominate  but  as  the  axial 
displacement  of  the  measurement  volume  from  the  injector  was 
increased  die  frequency  of  the  small  drops  decreased  and 
ultimately  a  drop  size  distribution  with  a  median  approximately 
equal  to  the  orifice  diameter  was  produced.  This  is  in  common 
with  results  for  die  5(K)pm  atomizer  in  that  the  most  frequent 
large  diameter  drops  are  approximately  equal  to  the  orifice 
diameter.  However  the  continuous  nature  of  the  size  distribution 
is  strikingly  different  for  the  sprays  of  hi^er  specific  charge 
reported  here  than  fordie  previous,  less  highly  charged  sprays  of 
Shrimpton  et  al  (1995).  A  similar  result  was  obtained  for  the 
Ql=1.67cc/s  flow  rate  shown  in  Fig.  9.  In  this  case  however  die 
size  distribution  is  skewed  towards  the  smaller  drops  and  the 
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most  frequent  Jarge  drop  diameter  is  D=140|im.  The  mechanism 
for  producing  drop  diameter  distributions  of  this  type  for  the  case 
of  chaiged  sprajs  is  not  clear  but  significant  aerodynamic  forces. 
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and  higher  drop  and  charge  concentrations  would  contribute  to 
make  any  modeling  attempt  difficult.  It  is  noted  that  the  specific 
charge  of  the  spray  increases  with  flow  rate  as  shown  in  Fig.l. 
Therefore  the  combination  of  larger  electrical  forces,  combined 
with  higher  aerodynamic  shear  actually  improves  atomization 
p)erfonmance  at  higher  flow  rates.  This  is  achieved  at  minimal 
electrical  energy  input,  since  the  power  drawn  frcm  the  hi^ 
voltage  supply  is  only  of  the  order  of  tens  of  mW. 

An  understanding  of  the  spray  character  may  be  obtained  by 
examining  the  variation  of  the  arithmetic  mean  diameter  (D,o) 
throu^out  the  2D  section  of  ttie  sprays  analyzed.  Figures  10  and 
1 1  show  these  drop  diameter  distributions  for  flow  rates  of  0.5 
and  1.67cc/s  respectivefy.  The  decrease  in  average  diameter  with 
increasing  radial  position  is  clearly  shown  in  both  cases,  and  as 
abo  is  the  expansion  of  the  spray  core,  where  the  majority  of  the 
large  drops  are  found,  as  the  axial  displacement  frtxn  the 
atomiza*  increases.  This  stratification  of  drop  diameter  with 


radial  displacement  allows  stable  combustion  to  occur  easily, 
since  the  small  drops  quickly  evaporate  and  provide  a  stable 
flame  seat  (Shrimptoi  et  al,  1996a).  There  is  also  evidence  to 
suggest  (Gomez,  is>93)  that  evaporating  charged  drops  nqjidly 
and  repeatedly  break  up  and  this  acts  to  increase  the  overall 
evaporation  rate. 
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Figure  10 ;  Dk,  distribution,  Ql=0.5cc/s,  pv=-1.20C/m^ 
d=250pm 
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Figure  11 ;  Djo  distribution,  Ql=1.667cc/s,  pv=-1.80C/m^ 
d=250pm 
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6.  DROP  VELOCITY  RESULTS 

From  the  spray  visualization  and  drop  diameter  results  it  has 
been  shown  that  althou^  a  range  of  drop  sizes  are  present  the 
trajectories  vary  only  gradually  with  respect  to  the  spatial 
position  in  the  spr^.  Figures  12  and  13  show  the  mean  axial  and 
radial  vekxaij'  profiles  at  the  measurement  points  plotted  for  the 
cases  of  Qt.=0.5cc/s.  Pv=-1^0C/m^  and  Ql=L67cc/s,  Pv=- 
1.80C/m^  respectively.  The  general  pattern  of  spray  behaviour, 
first  observed  for  the  500pm  orifice  diameter  atomizer,  of  high 


axial  velocity  components  and  large  radial  acceleratioos  in  the 
spr^  core  is  repeated,  even  though  the  drop  distribution  is 
continuously  varying,  and  radically  different  from  the  lower 
charged  spraj's  described  in  Shrimpton  et  al.  (1995). 

An  overview  cf  the  mean  axial  velocity  profiles  (Fig.l2) 
shows  that  the  axial  velocity,  in  general,  decreases  with 
iitcieasing  axial  displacement  from  the  atomizer.  This  suggests 
that  the  initial  momentum,  from  the  liquid  injection  at  the 
atomizer  is  transferred  to  the  gas  1^  drag  forces.  Indeed  axial 
velodty  versus  drop  diameter  correlations  at  particular  points 
alcxig  the  spray  centreline  (Shrimpton,  1995)  have  shown  that 
the  drop  axial  velocity  is  proportional  to  the  square  of  drop 
diameter,  suggesting  drag  forces  dominate.  Of  interest  to 
charged  spray  dynamics  is  that  the  mean  axial  velocity  for 
Ql=1.67cc/s  at  x=0.03m  (u=20.0m/s)  is  lower  that  the  mean 
axial  velocity  at  the  next  axial  ordinate  (x=0.6m)  vriiere 
u=24.6m/s,  where,  from  the  drag  relation  noted  above,  one 
would  expect  it  to  be  lower.  This  behaviour  is  not  repeated  for 
the  lower  flow  rate  case  presented  here,  nor  was  it  observed  from 
sprajs  produced  by  the  atomizer  with  an  orifice  diameter  Of 
500pm  (Shrimpton  et  al,  1995).  Predictions  from  a  transient, 
turbulent  two  phase  charged  spray  CFD  code  (Shrimpton  et  al, 
1996b)  showed  that  the  axial  electric  field  caused  by  tiie 
distribution  of  charge,  on  individual  drops,  throughout  the  spray 
changes  directicxi  between  the  atomizer  and  at  an  axial  position 
where  the  spray  core  has  spread  out.  Examination  of  the 
directions  of  the  axial  electric  field  and  sign  of  the  drop  charge 
showed  that  the  drops  should  be  decelerated  near  the  atomizer. 
This  experimental  evidence  confirms  that  this  phencmiena  does 
have  an  effect,  providing  sufficiently  high  spray  specific  charges 
are  used  and  supports  further  development  of  the  model 

Examinatiai  of  the  mean  radial  velocity  profiles  (Fig.  13) 
shows  similar  behaviour  for  both  flow  rates.  In  general  the 
acceleration  of  the  drops  away  from  the  spray  centreline  is 
highest  for  the  spray  with  the  larger  spray  specific  charge.  Due 
to  the  cylindrical  symmetry'  the  radial  electric  field  along  the 
spray  centreline  will  be  zero  and  this  is  the  cause  of  the  very 
small  radial  velocity  compxxients  at  these  positions.  Near  the 
centreline  the  radial  electric  field  is  strong  and  decreases  rapidly 
as  radial  displacement  increases.  Ihus  the  radial  velocity  profiles 
are  closely  correlated  with  the  strength  of  the  radial  electric  field. 
Correlations  betweai  the  radial  velocity  component  and  drop 
diameter  at  various  measurement  positions  (Shrimpton,  1995) 
showed  an  approximately  linear  relationship. 

Using  several  assumptions,  this  may  be  used  to  give  an 
insight  info  the  diarge  to  mass  ratios  of  charged  drops  as  a 
function  erf  drop  diameter.  Assuming  the  spray  system  has 
reached  steady  state  and  the  drop  drag  force  is  balanced  by  the 
electrical  force  due  to  the  interaction  of  the  drop  charge  and  the 
electric  field  caused  by  the  charged  spray  then. 


For  simplicity  the  drop  drag  is  defined  as  the  Stokes  drag  and  for 
the  radial  component, 

.  ♦Ej,  (2) 
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To  test  the  charge  to  mass  ratio  versus  drop  diameter 
relationship,  the  assumption  of  constant  surface  charge  density 
is  used. 


This  presumes  that  the  charge  rdaxation  time  is  much  longer 
than  the  drop  creation  time  and  is  thought  to  be  a  vdid 
appioximaiion  for  insulating  liquids.  It  has  already  been  pointed 
out  that  changes  in  the  radial  velocity  component  correlated 


closely  ■with  the  strength  of  the  radial  electric  field.  However  at 
the  PDA  measurements  locations,  fixed  in  space,  for  the  steady 
state  conditions  for  which  results  are  presented,  E,,  -will  be 
constant  Therefore  the  only  two  •variables  in  eqn  (2)  are  tiie  drq) 
charge,  cf)  and  the  drop  diameter,  D.  By  substituting  eqn.  (3)  into 
eqn.  (2)  the  relatioo  between  drc^  diameter  and  drop  charge 
gives  the  following  relationship  between  radial  -velocity  and 
diameter. 


This  relation  is  linear  and  provides  indirect  evidence  that  fee 
assumptioo  of  eqn.  (3)  used  in  the  charged  spray  modelling  work 
(Shrimpton  et  1996b)  is  valid.  Admitt^y  there  are  several 
assumptions  made  in  obtaining  this  result  but  it  is  felt  that  this 
may  be  the  only  way  to  obtain  ensemble  charge  to  mass  ratio 
versus  drop  diameter  measurements  for  charged  sprays. 

CONCLUSIONS 

The  characteristics  of  hi^y  charged  hydrocarbon  sprays 
have  been  presented  and  the  drop  diameter  distributions  have 
been  found  to  be  strikingly  different  from  lower  charged  sprays 
from  a  similar  atomizer.  Average  drop  diameter  decreases  with 
increasing  radial  displacement  from  the  spray  centreline  since  the 
charge  to  mass  ratios  of  the  small  drops  is  larger  than  that  of 
more  massive  drops,  which  tend  to  populate  the  spray  core. 
Radial  velociiies  are  closely  linked  to  ttie  magnitude  of  the  radial 
electric  field  and  a  simple  analysis  of  the  relation  between  drop 
charge  and  drop  diameter  indicates  a  constant  surface  charge 
densit}'  assumption  is  -valid. 
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NOMENCLATURE 

Flow  rate 
Drop  diameter 
Radial  electric  field 
Force 

Orifice  diameter 
Axial  velocity  component 
Radial  velocity  component 
Drop  charge 
Spr^'  specific  charge 
Gas  dynamic  -viscosity 
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ABSTRACT 

Two  laser  anemometric  techniques  are  used  to 
characterize  a  pulsed  liquid  fuel  injector.  Particle 
imaging  velocimetry  (PIV)  is  used  to  measure  the  an 
average  spray  velocity  field,  and  to  obtciin  information 
on  the  form  of  the  spray.  Phase  Doppler  anemome- 
try  (PDA)  yields  the  average  distributions  of  droplet 
size  and  axial  velocity.  Results  are  compared  to  mu¬ 
tually  confirm  and  interpret  the  modification  in  the 
liquid  spray  characteristics  induced  by  a  time-varying 
upstream  pressure.  It  is  found  that  the  information 
gained  from  each  measurement  technique  is  comple¬ 
mentary,  and  that  both  are  necessary  to  understand 
fully  the  other. 

1  INTRODUCTION 

Combustion  processes  find  a  wide  range  of  ap¬ 
plications,  from  transportation  to  commercial  energy 
production,  but  are  subject  to  pollutant  formation 
and  may  lead  to  combustion  instabilities.  These  prob¬ 
lems  can  be  overcome  by  actively  introducing  fluctu¬ 
ations  in  the  oxidizer  or  fuel  flow  rates,  see  Candel 
(1992).  Since  the  heat  release  rate  is  more  sensitive 
to  a  modulation  of  the  fuel  flow  rate,  less  effort  is 
theoreticcilly  required  to  modify  the  combustion  pro¬ 
cess  when  acting  on  this  parameter  than  when  acting 
on  the  air  flow  rate.  However,  while  fluctuations  at 
cLCOustic  frequencies  are  relatively  simple  to  produce 
in  gaseous  media,  for  industrial,  liquid-fueled  appli¬ 
cations,  there  is  a  need  for  innovative  technological 
solutions. 

The  response  of  the  combustion  process  to  un¬ 
steady  fuel  flow  rates  will  depend  on  the  influence 
of  the  liquid  actuator  on  droplet  dispersion  and  size 
and  velocity  distributions.  Pressure  fluctuations  in 
the  fuel  supply  line  can  interact  with  the  atomization 
of  the  liquid  fuel  by  the  mechanical  pulverizers  typ¬ 


ically  encountered  in  industrial  applications.  Taka- 
hashi  et  al.  (1995)  have  shown  that  large-amplitude 
high-frequency  pressure  fluctuations  can  change  the 
dispersion  angle  of  a  liquid  spray  debvered  by  a  me¬ 
chanical  atomizer.  To  quantify  the  effects  of  our  new 
actuator  on  the  droplet  size  and  velocity  distribu¬ 
tions  and  the  spray  angle,  optical  diagnostic  tech¬ 
niques  were  employed,  as  well  ris  more  clcissical  mea¬ 
surement  tools.  This  article  presents  the  results  of 
the  characterization  of  a  pulsed  liquid  fuel  atomizer 
using  phase  Doppler  anemometry  (PDA)  to  measure 
the  time-averaged  droplet  size  and  velocity  distribu¬ 
tions,  particle  imaging  velocimetry  (PIV)  to  measure 
the  instantaneous  droplet  velocity  field,  and  to  com¬ 
pare  with  the  PDA  results,  and  hot  film  anemome¬ 
ter  and  piezo-electric  pressure  transducer  signals  to 
quantify  the  modulated  fuel  flow  rate  and  pressure, 
respectively. 

2  EXPERIMENTAL  SET-UP 

A  domestic  hot- water  heater  injector  (Danfoss 
0.50  gph  60“  semi-hoUow  cone)  is  used,  delivering  0.55 
g/s,  in  conjunction  with  a  rapid  electrovalve  (Fluid 
Automation  Systems)  to  produce  a  pulsed  spray  of 
liquid  heating  fuel  oil.  The  sintered  bronze  filter  is 
removed  from  the  injector  and  the  valve  is  mounted 
in  its  place.  The  injector  and  valve  are  connected 
to  a  2  liter  reservoir  of  fuel  oil  pressurized  under  9 
bars  of  Nz.  Four  meters  of  flexible  tubing  (4  mm 
i.d.)  lead  from  the  reservoir  to  a  5  fixa  in-line  filter, 
a  piezo-electric  pressure  transducer  and  a  hot  film 
anemometer  before  the  injector.  The  injector  and 
fuel  line  are  shown  schematically  in  figure  1.  The 
liquid  used  for  the  measurements  is  domestic  fuel  oil, 
average  composition  CieHso,  density  p  =  875  kg/m®. 
A  refractive  index  n  ss  1.45  was  chosen  from  values 
given  in  the  literature  for  fossil  fuels,  see  for  example. 
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Figure  1:  Schematic  view  of  the  injector,  rapid 
electrovalve,  piezo-electric  pressure  transducer, 
hot  Blm  anemometer,  filter  and  fuel  line. 

Lide  (1992). 

The  electrovalve  is  triggered  with  a  square  wave 
signal  amplified  by  a  200  W  amplifier  when  it  is  used 
in  pulsed  mode.  The  electro-mechanical  response 
time  is  short  enough  to  respond  to  frequencies  up  to 
1000  Hz.  In  steady  operation  mode,  a  DC  power  sup¬ 
ply  is  used  to  keep  the  valve  open.  The  square  wave 
signal,  as  well  as  the  piezo-electric  pressure  trans¬ 
ducer  and  hot  film  signals,  are  acquired  by  a  PC 
equipped  with  an  A/D  converter  for  later  signal  pro¬ 
cessing. 

The  particle  image  velocimetry  technique  is  dis¬ 
cussed  in  detail  by  Adrian  (1991).  The  set-up  uses 
a  15  W  10  kHz  Cuuap  laser.  The  beam  is  expanded 
into  a  laser  sheet  and  coUimated  onto  the  injector 
axis  by  a  concave  cylindrical  /  — 100  lens  and  a  con¬ 
vex  spherical  /450  lens.  At  its  focal  point,  the  sheet  is 
about  1  mm  wide.  An  ultrarapid  cine  camera  (NAC 
E-10)  is  used  to  image  the  laser  light  scattered  at 
90°  by  the  droplets.  The  field  of  view  extends  from 
the  injector  60  mm  in  the  axial  direction  and  ±40 
mm  in  the  radial  direction.  The  camera  functions  at 
8000  frames  per  second,  and  generates  a  synchronous 
pulse  signal  that  triggers  the  laser.  The  16  mm  film 
is  developped  at  800  .ASA,  and  has  a  grain  size  of  ap¬ 
proximately  1/rm.  The  developped  film  is  scanned  at 
2025  dpi  (k;  800  pixels/mm).  The  scan  resolution  is 
inferior  to  that  of  the  film,  but  the  elevated  develop- 
ping  temperature  used  to  increase  the  image  contrast 
probably  degraded  the  film  grain.  The  final  image 
resolution  is  approximately  4  pixels/mm.  A  thresh¬ 
old  is  applied  to  the  scanned  images  to  eliminate  the 
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Figure  2:  Phase  Doppler  anemometry  set-up. 
The  injector  is  placed  upside-down  in  the  mea¬ 
surement  volume,  and  injects  downwards. 

grain  noise.  This  also  inevitably  filters-out  some  of 
the  signal  from  the  smaller  droplets.  Once  processed, 
two  successive  images  are  divided  into  interrogation 
cells  40  pixels  square,  or  about  4  mm  square,  and  the 
intercorrelation  of  two  corresponding  cells  in  the  two 
successive  images  is  computed,  to  avoid  ambiguity  in 
the  vectors’  orientations,  see  Lecordier  et  al.  (1994). 
The  direct  analysis  technique  presented  by  Cenedese 
&  PagUalunga  (1990)  is  used  to  evaluate  the  image 
intercorrelation.  The  maximum  of  the  intercorrela¬ 
tion  function  gives  the  mean  droplet  displacement  in 
the  region  of  interest.  A  third-order  polynomial  fit 
was  used  to  interpolate  this  maximum  to  increase  the 
precision  of  the  method  to  within  1/16*^  of  a  pixel, 
which  corresponds  to  5  cm/s.  In  this  manner,  an  in¬ 
stantaneous  velocity  field,  locally  averaged  in  space 
and  over  the  distribution  of  droplet  velocities,  is  ob¬ 
tained. 

The  phase  Doppler  anemometry  set-up  (IN¬ 
VENT  GmbH)  is  shown  in  figure  2.  A  10  W  cw 
Ar"*"  laser  is  connected  by  optical  fiber  to  the  emit¬ 
ting  optics  that  separate  and  split  the  green  and  blue 
beams.  The  Bragg  cell  operates  with  zero  frequency 
shift.  The  514.5  nm  beams  are  focused  onto  the  mea¬ 
surement  volume  by  a  spherical  /  500  lens,  giving  a 
convergence  angle  of  ^  =  5.7°.  The  light  scatered 
by  the  droplets  crossing  the  measurement  volume  at 
(j)  =  45°  from  forward  is  coOected  by  a  spherical  /390 
lens  and  a  pair  of  photodiodes  separated  by  40  mm,  or 
^  =  5.9°.  The  diode  signals  are  filtered  and  acquired 
with  a  digital  oscilloscope.  The  oscilloscope  commu¬ 
nicates  via  an  IEEE  haison  with  a  PC,  which  pro¬ 
cesses  the  signals,  and  accumulates  the  droplet  size 
and  vertical  velocity  distribution  statistics.  In  gen- 
ercd,  1000  validated  measurements  are  accumulated 
at  each  measurement  point.  The  transmitting  and  re¬ 
ceiving  optics  are  mounted  on  a  pneumatic  microdis¬ 
placement  table  with  two  degrees  of  hberty,  enabling 
a  scan  of  the  region  of  interest;  60  mm  along  the 
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Figure  3:  PIV  results  obtained  for  the  continuous¬ 
mode  injector. 


Figure  4:  Average  droplet  diameters  obtained  by 
PDA  for  the  continuous-mode  injector. 


spray  axis  and  35  mm  in  the  radial  direction,  with 
an  accuracy  of  iO.l  mm,  see  figure  1.  For  a  detailed 
description  of  the  technique,  see  Durst  &  Zare  (1975), 
Bauckhage  &c  Flogel  (1984)  and  Saffman  et  al.  (1984) 

3  RESULTS  AND  DISCUSSION 

Figure  3  shows  the  modulus  of  the  average 
droplet  velocity  field  obtained  by  the  intercorrelation 
PIV  technique  exposed  in  the  previous  section  for  the 
injector  in  continuous  operating  mode.  The  form  of 
the  spray  is  clearly  visible.  From  the  raw  images 
and  instantaneous  velocity  fields,  one  can  see  that  the 
central  region  of  the  semi-hoUow  cone  is  dominated 
by  closely-packed  bursts  of  indistinguishable  droplets, 
while  the  outer  regions  are  a  mixture  of  stagnated 
droplets  falling  under  gravity  or  re-entrained  by  the 
spray,  and  individual  high-speed  droplets.  The  co¬ 
ordinates  shown  are  relative  to  the  injector,  r  =  0 
corresponding  to  the  injector  axis,  and  2  =  0  cor¬ 
responding  to  the  injector  exit  plane.  The  greatest 
average  velocities  (~  7  m/s)  are  attained  in  the  cen¬ 
tral  region  of  the  spray,  since  the  ensemble  averaging 
of  the  results  reduces  vector  amplitudes  in  sparsely 
populated  zones.  The  deviation  of  the  spray  from 
the  vertical  near  the  bottom  edge  of  the  image  is  due 
to  an  angle  between  the  image  frame  and  the  film’s 
reference  frame  and  appears  during  the  scan  of  the 
latter. 

Figure  4  shows  the  distribution  of  three  average 
droplet  diameters,  the  arithmetic  average  (Dio)  the 
average  squared  diameter  (D20)  a-nd  the  Sauter  mean 
diameter  (D32)  for  the  injector  in  steady  operation 
measured  using  the  PDA  technique.  Note  that  the 
grayscale  is  different  in  each  image  in  order  to  max¬ 


imize  contrast.  The  average  diameters  change  little 
from  the  center  to  the  periphery  of  the  spray,  and 
are  within  the  manufacturers  specifications.  The  ob¬ 
served  increase  in  droplet  size  with  distance  from  the 
injector  is  due  to  coallescence  of  smaller  droplets  in 
stagnated  flow  areas.  The  closely-packed  droplets  in 
the  central  column  may  be  an  effect  of  the  width  of 
the  light  sheet  used  in  the  PIV  experiments.  Since 
the  PDA  measurement  volume  is  much  smaller  than 
the  laser  sheet,  this  technique  is  capable  of  resolving 
the  individual  droplets  in  these  packets. 

The  average  axial  velocity  of  the  droplets  de¬ 
creases  with  increasing  distance  from  the  injector,  and 
one  can  note  the  relative  importance  of  the  velocity 
dispersion,  figure  5,  also  for  steady  operation.  Again, 
maximum  average  velocities  are  obtained  near  the  in¬ 
jector  axis,  and  are  of  the  same  order  of  magnitude 
as  those  found  with  the  PIV  technique.  The  agree¬ 
ment  is  not  as  good  far  from  the  injector,  since  the 
PDA  set-up  only  measured  the  axial  velocity  compo¬ 
nent.  The  PIV  results  give  the  modulus  of  the  mea¬ 
sured  two-dimensional  velocity  vectors.  The  agree¬ 
ment  is  not  as  good  in  the  region  between  the  cen¬ 
tral  column  of  small  droplets  and  the  outer  edges  of 
the  spray  since  the  PIV  technique  is  less  biased  to¬ 
wards  slow  droplets,  which  will  reduce  the  measured 
locally  averaged  velocity.  PDA  wUl  measure  more 
of  the  faster  droplets  passing  through  the  measure¬ 
ment  volume  during  the  data  acquisition.  What  is 
more,  since  the  Bragg  cell  operated  with  zero  fre¬ 
quency  shift,  we  probably  rejected  a  good  number 
of  these  slower  droplets. 

Also  shown  in  figure  5  is  the  estimated  numeri¬ 
cal  density  of  the  droplets,  which  drops  rapidly  with 
distance  from  the  injector.  The  edge  of  the  spray  pre- 
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Figure  5:  Average  droplet  vertical  velocities 
and  numerical  density  obtained  by  PDA  for  the 
continuous-mode  injector. 
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sented  in  these  results  corresponds  to  the  point  be¬ 
yond  which  the  data  acquisition  rate  dropped  below 
a  threshold  value.  As  such,  the  PDA-measured  spray 
angle  differs  from  that  seen  with  the  PIV  technique. 

In  order  to  account  for  the  complexity  of  the 
spray  characteristics,  we  represent  the  results  by  av¬ 
eraging  over  three  classes  of  droplets;  small  droplets, 
whose  diameter  is  d  <  30^m,  medium  droplets,  whose 
diameter  is  such  that  30  <  d  <  60/im,  and  large 
droplets  whose  diameter  d  >  60/im. 

Figure  6  shows  the  size  distribution  averaged 
over  the  three  droplet  classes.  This  representation 
brings  out  the  dominance  of  the  small  droplet  class 
in  the  hollow  cone  of  the  spray.  It  also  clearly  shows 
that  the  edge  of  the  spray  is  dominated  by  medium¬ 
sized  droplets.  The  large  droplets  that  do  appear 
at  the  edges  of  the  spray  and  of  the  region  of  in¬ 
terest  probably  result  from  collisions  between  smaller 
droplets,  coalescing  into  the  large  droplets  observed. 
This  information  is  not  apparent  in  the  distribution 
of  average  droplet  diameters,  figure  4. 

The  local  average  mass  fractions,  figure  7,  show 
that,  although  the  small  droplets  near  the  axis  ac¬ 
count  for  more  than  90%  of  all  the  droplets  measured, 
they  only  transport  about  16%  of  the  mass  of  liquid 
fuel  injected.  Therefore,  for  combustion  applications, 
other  than  flame  stabilization,  the  Sauter  mean  di¬ 
ameter,  which  privileges  larger  droplets,  is  adequate 
to  describe  the  distribution  of  liquid  mass.  In  fact, 
most  of  the  mass  of  liquid  fuel  is  transported  by  the 
medium  droplets,  except  for  regions  far  from  the  in¬ 
jector,  where  the  droplets  would  have  evaporated  in  a 
combustor.  The  Sauter  mean  diameter  for  the  spray 
falls  into  this  class  of  droplets. 


Figure  6:  Size-averaged  droplet  size  distribution 
for  the  continuous-mode  injector. 
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Figure  7:  Size-averaged  droplet  mass  distribution 
for  the  continuous-mode  injector. 
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Figure  8:  Size-averaged  droplet  mean  vertical  ve¬ 
locity  for  the  continuous-mode  injector. 

The  average  vertical  velocities  of  the  three 
classes  are  given  in  figure  8.  In  general,  the  small 
droplets  are  slower  than  the  medium  and  large 
droplets.  All  cltisses  tend  to  slow  down  as  they  move 
away  from  the  injector,  which  is  normal.  The  fact 
that  the  large  droplets  are  slightly  slower  than  the 
medium  droplets  (the  maximum  large  droplet  velocity 
is  about  8  m/s,  while  the  maximum  medium  droplet 
velocity  is  around  8.5  m/s)  belies  their  origins  in 
droplet  collisions. 

When  the  valve  is  set  in  oscillation,  the  aver¬ 
age  hquid  flow  rate  is  reduced,  as  measured  by  hot 
film  cinemometry.  Figure  9  shows  the  instantaneous 
fuel  flow  rate  mecisured  upstream  of  the  injector.  As 
might  be  suspected,  the  limiting  factor  in  the  valve’s 
capacity  to  modulate  the  liquid  flow  rate  is  the  me¬ 
chanical  closing  time.  The  valve  is  opened  by  an  elec¬ 
tromagnet,  therefore  the  opening  time  can  be  con¬ 
trolled,  however,  the  valve  is  closed  by  a  mechanical 
spring  whose  response  time  is  limited.  Therefore,  the 
valve’s  operation  is  not  entirely  on/ofF,  and  at  this 
frequency,  the  amplitude  of  the  fluctuation  is  only 
about  40%  of  the  average  flow  rate.  As  the  frequency 
is  increased,  the  quantity  of  fuel  actually  pulsed  de¬ 
creases.  The  high-frequency  oscillations  are  due  to 
the  acoustics  of  the  liquid  fuel  lign,  and  are  the  traces 
of  reflected  waves.  The  amplitude  of  these  oscillations 
dies  down  with  time  and  the  fuel  flow  rate  approaches 
its  nominal  value  at  this  feed  pressure. 

Figure  10  shows  that  the  maximum  average 
droplet  velocity  measured  by  PIV  is  reduced  by  about 
30%  to  around  5  m/s  with  the  upstream  fuel  flow  rate 
given  above.  This  reduction  is  of  the  same  order  of 
magnitude  as  the  reduction  in  the  time-averaged  fuel 
flow  rate.  Compared  with  the  continuous-mode  veloc¬ 


Figure  9:  Instantaneous  fuel  flow  rate  measured 
by  hot  film  with  injector  pulsed  at  60  Hz. 

ity  field,  here  the  edge  of  the  spray  seems  to  be  less 
well-defined.  The  spray  angle  will  open  and  close  as 
the  pressure  upstream  of  the  injector  rises  and  falls. 
100  individual  velocity  fields  were  again  averaged  to 
obtain  this  image,  corresponding  to  1.25  ms,  which  is 
a  little  less  than  one  valve  cycle,  1.67  ms. 

The  PDA-measured  average  droplet  diameters 
and  velocities  are  given  in  figures  11  cind  12,  re¬ 
spectively.  The  radial  distance  scale  has  been  in¬ 
creased;  the  maximum  radial  coordinate  in  the  images 
is  25  mm,  instead  of  35  mm  for  the  continuous  injec¬ 
tor.  The  measured  spray  angle  seems  reduced  by  the 
valve’s  action;  beyond  25  mm  in  the  radial  direction, 
the  data  rate  drops  below  the  threshold  value  chosen 
to  define  the  spray’s  edge.  Therefore,  the  droplets 
observed  in  this  region  with  the  PIV  techruque  must 
only  be  present  during  a  part  of  the  valve’s  cycle. 
The  time-averaged  PIV  image  conserves  the  trace  of 
these  droplets  as  small  velocities,  while  the  probabil¬ 
ity  of  finding  these  droplets  in  the  PDA  measurement 
volume  drops  considerably. 

Surprisingly,  the  average  droplet  sizes  do  not 
seem  effected  by  the  fluctuating  fuel  flow  rate.  As 
the  pressure  upstream  of  the  nozzle  drops,  one  would 
expect  larger  droplets  or  ligaments  to  be  formed  in 
the  spray.  Apparently,  during  the  valve’s  closing,  the 
pressure  does  not  drop  sufficiently  to  compromise  the 
atomisation  of  the  liquid  before  the  valve  opens  again. 
What  is  more,  the  rapid  rise  time  in  the  fuel  flow 
rate  indicates  that  the  pressure  behind  the  injector 
rises  very  rapidly  to  its  optimal  value.  However,  the 
droplets,  having  less  momentum,  seem  to  stagnate 
earlier,  and  the  average  diameters  increase  closer  to 
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Figure  10:  Average  PIV-measured  droplet  veloc¬ 
ity  field  for  the  injector  pulsed  at  60  Hz. 
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the  injector  than  in  the  continuous  operating  mode. 

The  same  reduction  in  average  velocities  ob¬ 
served  with  PIV  when  the  valve  pulses  the  liquid  flow 
rate  is  measured  by  PDA,  and  the  same  order  of  mag¬ 
nitude  of  the  maximum  average  velocity  is  found.  The 
droplets  have  less  initial  momentum,  and  will  there¬ 
fore  stagnate  and  coalesce  closer  to  the  injector.  The 
spray  structure  seems  to  have  changed,  as  well;  the 
high-density  region  near  the  injector  is  widened  in  the 
radial  direction  and  shortened  in  the  axial  direction. 

As  before,  the  PDA  results  are  averaged  over 
three  droplet  classes,  depending  on  their  diameters. 
Figure  13  shows  the  numerical  distribution  of  the 
three  classes.  The  high-density  region  observed  in  the 
numerical  concentration  plot  (figure  12)  is  dominated 
by  the  small  droplets,  while  the  majority  of  the  spray 
is  dominated  by  the  medium-sized  droplets,  which  in¬ 
cludes  the  Sauter  mean  diameter.  It  would  seem  that 
one  of  the  effects  of  the  valve’s  action  is  to  increase 
the  concentration  of  small  droplets  in  the  spray,  and 
to  modify  the  latter’s  internal  structure.  As  can  be 
seen  in  figure  14,  up  to  25%  of  the  mass  of  liquid  fuel 
in  this  region  is  now  carried  by  the  small  droplets. 

Figure  15  shows  that  the  reduction  in  the  aver¬ 
age  vertical  velocity  of  the  droplets  effects  all  droplet 
categories  equally.  Therefore,  there  are  no  large 
droplets  formed  by  the  pulsed  injector.  The  increase 
in  droplet  size  when  the  valve  modulates  the  fuel  flow 
is  due  simply  to  the  reduced  droplet  velocity,  and  in¬ 
creased  coalescence. 

The  same  measurements  were  carried-out  for  the 
valve  pulsed  at  600  Hz,  but  the  results  are  not  shown 
here  for  brevity.  As  the  forcing  frequency  increases, 
the  valve  closes  less  and  less,  due  to  the  slow  me- 


Figure  11:  Average  droplet  diameters  obtained 
by  PDA  for  the  injector  pulsed  at  60  Hz. 


V_m,2  (m/s) 


0  10  20 
R  (mm) 


V_rms,z  (m/s) 


log(N/cm''3) 


0  10  20 
R  (mm) 


0  10  20 
R  (mm) 


Figure  12:  Average  droplet  vertical  velocity  com¬ 
ponent  and  numerical  density  obtained  by  PDA 
for  the  injector  pulsed  at  60  Hz. 
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Figure  15:  Size-averaged  droplet  mean  vertical 
velocity  component  for  the  injector  pulsed  at  60 
Hz. 


Figure  13:  Size-averaged  droplet  size  distribution 
for  the  injector  pulsed  at  60  Hz. 


Figure  14:  Size-averaged  droplet  mass  distribu¬ 
tion  for  the  injector  pulsed  at  60  Hz. 


chanical  response  time  of  the  spring.  As  such,  the 
amplitude  of  the  flow  rate  modulation  decreases.  At 
600  Hz,  this  amplitude  is  less  than  10%  of  the  max¬ 
imum,  steady  flow  rate.  The  PIV  results  zire  no  dif¬ 
ferent  from  the  continuous-mode  injector.  The  PDA 
results,  however,  show  a  reduced  spray  angle.  The 
angle  is  wider  than  that  observed  when  the  valve  op¬ 
erates  at  60  Hz,  and  the  average  velocities  increase 
with  respect  to  the  low-frequency  case  presented  here. 

4  CONCLUSIONS 

Two  different,  complementary  laser  diagnostic 
techniques  have  been  used  to  characterize  a  liquid 
heating  fuel  oil  injector  in  a  continuous  operating 
mode,  as  well  as  with  a  pulsed  fuel  flow  rate.  Phase 
Doppler  anemometry  has  been  used  to  measure  the 
dispersion  of  droplet  sizes  and  velocities  in  the  spray 
generated  by  the  mechanical  atomizer.  Particle  im¬ 
age  velocimetry  has  been  used  to  measure  the  instan¬ 
taneous  spray  velocity  field.  Comparison  of  the  two 
velocity  fields  shows  that  both  techniques  yield  quan¬ 
titatively  the  same  results,  if  care  is  taken  to  com¬ 
pare  comparable  measurements.  The  PIV  technique, 
while  affording  temporally  resolved  measurements, 
is  biased  towards  the  large  droplets,  since  the  scat¬ 
tered  light  intensity  in  Mie  scattering  increases  non- 
linearly  with  droplet  diameter.  What  is  more,  PIV 
win  locally  average  the  measured  velocities,  thereby 
favoring  the  most  dense  droplet  populations.  PDA, 
on  the  other  hand,  will  temporally  average  the  re¬ 
sults,  thereby  eliminating  information  about  orga¬ 
nized  droplet  clouds,  that  can  be  seen  with  PIV. 
PDA  is  ctlso  sensitive  to  droplet  density  and  is  bi- 


ased  towards  fast  droplets,  and  will  ignore  stagnated 
droplets,  which  can  be  seen  with  PIV,  unless  a  Bragg 
cell  is  used.  By  comparing  the  results  of  these  two 
experimental  techniques,  a  more  complete  picture  of 
the  spray  characteristics  is  obtained. 

When  the  upstream  pressure  is  actively  mod¬ 
ulated  at  acoustic  frequencies,  the  average  and  in¬ 
stantaneous  spray  velocity  distributions  change.  The 
spray  angle  and  velocity  are  sensitive  to  average  up¬ 
stream  injection  pressure.  However,  on  average,  the 
size  distribution  does  not  change.  The  spatial  dis¬ 
tribution  of  the  spray  also  changes  when  the  valve 
modulates  the  liquid  flow  rate.  Not  only  does  the 
spray  angle  close,  but  inside  the  spray,  the  droplets 
formed  are  smaller  in  the  central  region.  This  central 
region  is  also  larger  under  the  effects  of  the  valve. 
The  same  phenomena  are  observed  at  600  Hz  as  for 
60  Hz,  with  the  exception  that,  as  the  excitation  pe¬ 
riod  approaches  the  mechanical  cut-off  frequency  of 
the  valve,  the  percentage  of  the  fuel  mass  flow  mod¬ 
ulated  by  the  valve’s  action  is  reduced.  Thus,  the 
droplet  velocities,  mean  flow  rate  and  spray  angle  in¬ 
crease. 

These  results  are  promising  for  a  future  applica¬ 
tion  of  this  technology  to  active  combustion  control. 
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0  ABSTRACT 

During  the  last  years  the  investigation  of  atomization 
of  molten  metals  was  enforced  by  several  groups  of  scien¬ 
tists  (Bauckhage  et  al.(1991),  Bergmann  et  al.(1991),  Lav- 
emia  et  al.(1992)).  For  the  purpose  of  an  improved  quality 
of  the  powder  produced  on-line  particle  size  measurements 
of  the  resulting  powder  were  tested  using  different  optical 
measurement  techniques.  Fraunhofer  scattering  systems  and 
other  intensity  based  light  scattering  instruments  were  used 
e.g.  by  Ridder  et  al.  (1992)  and  Henein  et  al.  (1992)  for  an 
on-line  control  of  the  process  during  supersonic  gas  atomi¬ 
zation.  Phase-Doppler  anemometry  was  first  applied  and  is 
still  used  by  Bauckhage  et  ai.  (1988)  in  the  molten  metal 
spray  of  the  spray  compacting  material  process. 

The  present  investigations,  performed  within  the  EU 
Brite/Euram  project  entitled  "On-Line  Process  Control  of 
Liquid  Gas  and  Water  Atomization  by  Extended  Phase- 
Doppler  Anemometry",  aim  to  apply  phase-Doppler  and 
extended  phase-Doppler  anemometry  in  liquid  gas  atomiza¬ 
tion  (LGA).  In  this  contribution,  the  layout  of  the  Phase- 
Doppler  system  used  in  a  laboratory  scale  LGA  unit  are 
described  and  first  measurement  results  in  conventional  gas 
atomization  (CGA)  as  well  as  LGA,  including  also  simulta¬ 
neous  measurements  of  molten  metal  and  liquid  gas  drop¬ 
lets,  are  presented. 


gained  an  enormous  significance  during  the  past  two  dec¬ 
ades  for  multiple  applications. 

POWDER  CHARACTERISTICS 

PROCESS  CONDITIONS  MATERIAL  PROPERTIES 


1  INTRODUCTION 
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The  material  properties  of  metal  and  alloy  powders 
can  be  considerably  influenced  by  cooling  their  melts  very 
rapidly.  By  using  appropriate  methods  cooling  rates  between 
10^  K/s  up  to  more  than  10*  K/s  can  be  achieved.  The  time 
for  ordering  effects  in  an  atomic  scale  is  short  and  the  nu- 
cleation  and  growth  of  crystals  are  strongly  reduced  result¬ 
ing  in  a  fine-grained  microstructure.  Segregation  effects  in 
alloys  can  be  avoided  and  new  crystalline,  supersaturated 
phases  may  be  generated.  Depending  on  the  material  crystal 
nucleation  may  even  be  completely  suppressed  so  that  the 
melt  solidifies  with  an  amorphous  structure.  Since  the  me¬ 
chanical  and/or  the  physical  properties  of  these  materials  are 
dramatically  changed  and  enhanced,  respectively,  rapid 
quenching  and  powder  metallurgical  technologies  have 


Fig.  1:  Schematic  representation  of  a  suggested  closed  loop 
process  control  using  phase-Doppler  anemometry 
and  appropriate  data  acquisition. 

Powder  production  by  atomizing  the  molten  material 
ensures  rapid  cooling  conditions  and  gas  and  water  atomi¬ 
zation  (WA)  processes  are  well  established,  industrially  used 
techniques  for  this  purpose.  Gas  (inert  or  air)  or  water  jets 
are  applied  to  disintegrate  a  molten  metal  stream  resulting  in 
rapidly  solidified  powder  particles.  The  main  parameters 
affecting  the  quenching  rate  during  the  atomization  process 
may  be  summarized  as  the  thermo-physical  properties  of 
both,  melt  and  atomizing  fluid,  the  relative  velocities  be¬ 
tween  the  atomized  melt  droplets  and  the  surrounding  me- 
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dium  and  the  droplet  volume,  as  indicated  by  the  schematic 
drawing  in  fig.  1 . 

High  pressures  have  to  be  used  in  order  to  achieve 
high  velocities  and  a  finely  dispersed  droplet  jet.  With  this 
respect,  liquid  atomization  media  provides  some  advantages 
compared  to  a  gaseous  atomizing  medium.  The  higher  spe¬ 
cific  mass  results  in  an  improved  momentum  transfer  and 
more  favorable  thermo-physical  properties  (e.g.  thermal 
conductivity)  enhance  heat  exchange.  However,  the  appli¬ 
cability  of  WA  is  restricted  to  metals  or  alloys  with  a  low 
oxidation  tendency.  The  LGA  technique  introduced  a  few 
years  ago  by  Bergmann  et  al.  (1988)  appears  to  be  a  promis¬ 
ing  alternative  for  industrial  powder  production  combining 
the  advantages  of  both  WA  and  CGA.  Providing  benefits 
similar  to  WA,  the  use  of  liquefied  gas  (e.g.  Nj,  Ar)  allows 
atomization  of  melts  without  oxidation.  Moreover,  the  cryo¬ 
genic  temperatures  of  the  atomizing  liquid  further  enhance 
cooling  rates  and  the  sudden  evaporation  of  the  atomizing 
medium  with  a  volume  expansion  of  factor  800  causes  high 
turbulence  inside  the  atomization  region  resulting  in  an 
enhanced  atomization  efficiency.  Consequently,  the  achiev¬ 
able  quenching  rates  are  above  10^  K/s.  LGA  already  has 
been  successfully  employed  for  the  production  of  powders 
exhibiting  a  high  affinity  to  oxygen,  i.e.  rare  earth  alloys  for 
hard  magnetics  (Wolf  et  al.  1994),  where  high  quenching 
rates  are  essential  in  order  to  achieve  a  fine  grained  or  even 
amorphous  structure. 

Beside  the  aim  to  achieve  high  quenching  rates  the 
yield  of  powder  particles  in  a  certain  size  range  is  essential 
for  economic  reasons.  Fine  powders  are  of  growing  interest 
for  various  applications,  e.g.  metal  injection  molding 
(MIM).  The  two  most  important  parameters  during  the 
process  that  allow  to  adjust  the  process  performance  for  a 
given  nozzle  geometry  are  the  atomizing  pressure  and  the 
mass  flow  ratio  between  atomizing  fluid  and  melt  (fig.  1). 
They  can  be  varied  within  a  certain  range  and  have  to  be 
used  to  adjust  the  resulting  particle  size  distribution.  Hence, 
a  tool  is  required  which  allows  an  on-line  control  of  the 
atomization  process.  The  aim  of  the  present  investigations 
was,  therefore,  to  develop  and  to  install  a  PDA  set  up  ena¬ 
bling  the  on-line  detection  of  particle  size  distributions 
during  CGA  and  LGA  of  molten  metals.  This  technique  has 
to  take  into  account  the  simultaneous  presence  of  molten  or 
already  solidified  metal  particles  and  droplets  of  the  cryo¬ 
genic  atomizing  medium  inside  the  atomized  jet.  First  suc¬ 
cessful  measurements  have  been  carried  out  and  the  control 
scheme  depicted  in  fig.  1  has  partially  been  completed. 


2  EXPERIMENTAL  SET-UP 

ATZ-EVUS  has  two  atomization  units  of  laboratory 
and  pilot  size,  respectively,  both  being  able  to  operate  with 
(high  pressure)  gas  or  liquefied  cryogenic  gas.  As  shown  in 
fig.  2,  the  units  have  separated  melt  and  atomization  cham¬ 
bers.  By  varying  the  pressure  difference  between  the  melt 
chamber  and  the  atomization  chamber  the  melt  flow  rate  can 
be  adjusted.  The  process  steps  during  CGA  and  LGA  are 
nearly  identical.  In  order  to  achieve  an  efficient  disintegra¬ 
tion  of  the  molten  metal  stream  a  "confined"  atomization 


nozzle  design  is  used  where  the  drillings  of  the  (liquid)  gas 
nozzle  are  situated  concentrically  and  very  close  to  the  melt 
feeding  tube  (fig.  3a).  Therefore,  the  (liquid)  gas  jets  im¬ 
pinge  on  the  melt  directly  at  the  feeding  tube  orifice  with  a 
high  velocity  ensuring  high  quenching  rates.  The  atomiza¬ 
tion  jets  exhibit  a  narrow  and  only  slightly  divergent  shape 
with  a  diameter  of  approx.  10  (gas)  to  30  mm  (liquid  gas)  at 
a  distance  of  100  mm  from  the  nozzle  exit,  which  broadens 
with  decreasing  pressure.  The  laboratory  unit  used  for  the 
present  experiments  and  the  characteristics  of  the  LGA 
process  have  already  been  described  earlier  in  more  detail 
(Wolf  et  al.  1994).  This  unit  has  been  adapted  for  the  appli¬ 
cation  of  the  PDA  (fig.  2),  e.g.  by  the  installation  of  win¬ 
dows  to  achieve  the  necessary  optical  access  (see  Domnick 
etal.  1995). 
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Fig.  2:  Schematic  illustration  of  the  instrumented  atomiza¬ 
tion  unit  including  the  PDA  system  installed. 

The  presented  atomization  experiments  have  been 
carried  out  with  copper  melts.  Parameters  has  been  varied  as 
listed  in  table  1  in  order  to  investigate  their  influence  on  the 
atomization  characteristics  and  the  PDA  measurements 
performed: 


Table  1:  Atomization  parameters  settings 


Parameter 

Range 

Melt  superheat  tem¬ 
perature 

120  -  290  K 

Melt  feeding  tube 
inner  diameter 

2,4  -  4,0  mm 

Atomizing  pressure 

20  -70  bar  (CGA) 

10 -100  bar  (LGA) 

Mass  flow  ratio 

nt(l,)r,as/mMelt 

0,5  -5  (CGA) 

0,6 -10  (LGA) 

Both  gas  and  liquid  gas  atomized  molten  metals 
solidify  with  a  spherical  particle  shape  provided  that  no 
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chemical  reaction  with  the  melt  occurs.  Hence,  the  particles 
meet  the  requirements  for  being  measured  by  phase- 
Doppler  anemometry.  The  resulting  particle  size  distribu¬ 
tion  is  strongly  influenced  by  the  mass  flow  ratio,  i.e.  pri¬ 
marily  by  the  applied  atomizing  pressure  and  the  chosen 
inner  diameter  of  the  melt  outlet. 

cross-section  bottom  view 


outlet  tube 


Fig.  3:  a)  Cross  section  and  bottom  view  of  the  atomiza¬ 
tion  nozzle  used  for  the  experiments 


b)  Log-normal  distributions  of  typical  Cu  powders, 
gas  and  liquid  gas  atomized  at  various  pressures 
and  melt  flow  rates 

In  addition,  the  distribution  widths  varies  with  the 
parameters  changed.  Typical  size  distributions  of  Cu  pow¬ 
ders,  gas  and  liquid  gas  atomized  at  different  conditions,  are 
shown  in  fig.  3b.  In  general,  the  variation  of  the  median 
particle  size  with  the  applied  mass  flow  ratio  can  be  ap¬ 
proximated  by  a  function  of  the  form  d^jo  =  B  + 
(ntcDGai/inMen)'"  Where  B  and  n  are  constants  depending  on 
the  melt  properties.  For  the  gas  atomized  copper  of  the 
present  investigations  values  of  B=15  and  n=-0.4  have  been 
derived. 

3  OPTICAL  CONSIDERATIONS 

The  phase-Doppler  anemometry  technique  has  al¬ 
ready  been  applied  to  CGA  (e.g.  Bauckhage  et  al.  1991). 
During  LGA,  however,  a  technique  is  required  that  is  able  to 
distinguish  between  the  melt  and  the  atomizing  liquid,  de¬ 
livering  size  and  velocity  information  of  both  particulate 


phases  independently.  For  this  purpose,  an  extended  phase- 
Doppler  anemometer  was  installed. 

The  layout  of  such  an  extended  PDA  system  de¬ 
pends  on  the  optical  properties  of  the  observed  materials. 
The  classical  extended  PDA  using  two  detector  units  at 
different  scattering  angles,  as  described  e.g.  by  Brenn  et  al. 
(1994),  measures  the  refractive  indices  of  the  particles,  that 
can  be  used  for  the  particle  discrimination.  The  particulate 
phases  have  to  differ  by  at  least  0. 1  in  the  refractive  index. 


Table  2:  Properties  of  fluids  considered 


Material 

Nitrogen  (liquefied) 

Copper  (liq.) 
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T„ 

77,33  K 

1357  K 

Density 

Surface  Tension 

1,303  N/m 
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scattering  angle  in  degrees 

Fig.  4:  Phase  shift  of  melt  and  liquid  gas  droplets 


Fig.  5:  Scattering  intensity  of  melt  and  liquid  gas  droplets 


diameter  in  [im 

Fig.  6:  Phase  shift  as  function  of  diameter  at  a  scattering 
angle  of  60° 

In  the  present  case,  the  two  fluids  have  completely 
different  scattering  properties  (tab.  2).  On  the  one  hand, 
there  is  the  atomization  fluid  (liquefied  gas),  which  can  be 
described  as  a  transparent  liquid,  producing  scattered  light 
mainly  due  to  refraction  (at  appropriate  scattering  angles). 
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On  the  other  hand  there  is  molten  metal,  which,  as  a  perfect 
conductor,  produces  scattered  light  only  due  to  reflection. 


0  20  40  60  80  100 


diameter  in  (im 

Fig.  7:  Collected  light  power  as  function  of  diameter  at  a 
scattering  angle  of  60° 

As  well  known  from  the  derivation  of  the  phase- 
Doppler  principle,  the  phase  shifts  produced  by  reflection 
and  refraction  have  opposite  signs.  This  sign  of  phase  can 
be  utilized  to  discriminate  between  the  different  particulate 
phases,  provided  that  only  phase  shifts  between  -180°  and 
+180°  are  produced. 

This,  of  course,  has  the  disadvantage  of  reducing  the 
size  ranges  to  50  %  for  a  given  PDA  geometry,  however,  only 
one  single  detector  unit  is  required.  Mie-calculations  have  been 
performed  to  locate  an  appropriate  scattering  angle  for  the 
particles  under  consideration.  In  fig.  4  and  5.,  the  phase  shifts 
and  the  scattered  light  intensities  for  three  different  particle 
sizes  of  both  phases  are  compared. 
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Fig.  8;  Influence  of  variations  in  the  complex  refractive 
index  of  copper  on  the  phase  response 
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Fig.  9;  Influence  of  variations  in  the  complex  refractive 
index  of  copper  on  the  collected  light  power 

Assuming  that  melt  and  liquefied  gas  droplets  will 
have  similar  size  distributions,  an  off-axis  angle  of  60°  was 
chosen,  yielding  similar  scattered  light  intensities  for  both 
phases.  For  this  configuration  calculations  of  the  phase  shift 
(fig.  6)  and  the  scattered  light  intensity  (fig.  7)  as  a  function 
of  the  diameter  in  the  range  up  to  100  pm  were  performed. 


These  calculations  show  very  linear  response  curves  with 
positive  (melt)  and  negative  (liquid  gas)  slopes  of  almost  the 
same  magnitude.  Since  different  values  for  the  complex 
refractive  index  of  liquid  copper  can  be  found  in  literature 
(e.g.  van  der  Hulst  1981),  its  influence  on  the  phase-Doppler 
response  function  was  verified. 

As  indicated  by  figs.  8  and  9,  the  final  effect  of  the 
existing  uncertainties  can  be  neglected.  Only  the  scattered 
light  intensity  shows  some  sensitivity  to  the  imaginary  part 
of  the  refractive  index. 


4  PRACTICAL  IMPLEMENTATION  OF  THE 
SIGN  OF  PHASE  METHOD 

The  present  investigations  have  to  be  performed  us¬ 
ing  a  commercial  PDA  system  (AEROMETRICS  fiber 
based  two-component  system  with  DSA  processor).  Al¬ 
though  custom  made  extended  phase-Doppler  systems  have 
been  realized  at  LSTM  before,  the  necessary  fast  data  ac¬ 
quisition  and  processing  for  an  on-line  process  control 
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Fig.  10:  Corrected  phase  shift  histogram  (phase  redundancy 
turned  off) 
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Fig.  11:  Raw  diameter  histogram  (phase  redundancy  turned 
off) 

requires  a  high-speed  system.  Another  advantage  of  the 
commercial  system  used  is  its  high  velocity  bandwidth  (up 
to  250  m/s)  that  is  also  required  in  the  present  application. 
However,  the  simultaneous  measurement  of  refracting  and 
reflecting  particles  during  liquid  gas  atomization  needs 
specific  operating  modes  of  the  data  processing  software.  As 
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a  first  step,  the  redundant  phase  measurements  by  three 
detectors  in  the  receiving  unit  has  to  be  switched  off  to 
enable  measurements  of  phases  with  different  signs.  In  this 
case,  signal  pairs  having  a  ‘wrong’  sign  of  the  phase  shift 
(equivalent  to  a  fringe  movement  in  opposite  direction)  will 
appear  with  360'’  phase  shift  offset  In  fig.  10  the  phase 
distributions  for  liquid  nitrogen  (negative  phase)  and  melt 
droplets  (positive  phase)  are  shown. 

The  initial  0-360'*  phase  axis  has  been  transformed 
into  a  -180  to  180°  phase  axis.  Finally,  the  size  distributions 
of  liquid  gas  and  melt  droplets  are  calculated  from  the  indi- 
vidud  phase  factors  for  1st  order  refraction  and  reflection  at 
the  scattering  angle  considered.  In  fig.  1 1  the  corresponding 
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Fig.  12;  Intensity  -  phase  shift  relation  for  the  precooling 
period 
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Fig.  1 3 :  Intensity  -  phase  shift  relation  obtained  during 
liquid  gas  atomization 

raw  size  measurement  of  the  DSA  software  is  shown  based 
on  phases  smaller  and  larger  than  180°.  As  the  orientation  of 
the  PDA  receiving  unit  was  adapted  to  dominant  reflection, 
phases  below  this  limit  originate  from  melt  droplets,  while 
phases  larger  than  180°  stem  from  liquid  gas  droplets.  This 
approach  yields  only  reasonable  results  if  the  size  distribu¬ 
tions  are  well  separated  and  the  absolute  magnitude  of  the 
phases  are  always  smaller  than  180°.  A  slightly  more  flexi¬ 
ble  solution  for  the  distinction  between  the  different  particu¬ 
late  phases  is  the  usage  of  the  signal  intensities.  The  method 
of  intensity  validation  that  has  been  proposed  to  reduce  the 
number  of  erroneous  phase  measurements  (Bachalo  et  al. 
(1995))  is  already  realized  in  the  DSA  software.  Fig.  12 
shows  measured  phases  versus  intensity  obtained  in  a  meas¬ 
urement  during  the  precooling  period,  where  only  liquid  gas 
droplets  are  present.  Using  the  DSA  software,  most  of  these 


samples  would  have  been  rejected  due  to  too  small  intensi¬ 
ties. 

Fig.  13  shows  a  complete  phase/intensity  plot  ob¬ 
tained  in  a  typical  LGA  test,  indicating  two  clearly  distin¬ 
guishable  particle  distributions.  Instead  of  having  a  fixed 
phase  limit,  position  and  steepness  of  the  parabolic  shaped 
intensity  discrimination  curve  may  be  adapted  to  the  varying 
measurement  conditions.  The  final  setting  of  the  curve  has 
to  be  fitted  according  to  the  experiences  obtained  in  CGA 
and  LGA  tests. 


5  MEASUREMENTS  IN  CONVENTIONAL  GAS 
ATOMIZATION 

Preliminary  tests  for  the  realization  and  the  verifica¬ 
tion  of  the  on-line  control  have  been  performed  during 
CGA.  One  major  task  of  these  experiments  was  to  find  a 
representative  measurement  location  for  the  PDA  that  allows 
to  make  subsequent  comparisons  with  off-line  measuring 
techniques  used  to  classify  the  final  powder.  Here,  it  should 
be  pointed  out  that  no  traverse  of  the  PDA  system  is  feasible 
during  the  atomization  tests  due  to  the  short  response  time 
necessary  for  a  control  loop.  Thus,  the  PDA  measurements 
will  always  deliver  information  only  from  a  locally  limited 
area  inside  the  jet. _ 
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Fig.  14:  PDA  results  compared  with  off-line  SYMPATEC 
HELOS  measurements 

In  the  atomization  unit  of  ATZ-EVUS,  a  representa¬ 
tive  point  was  determined  to  lie  at  a  radial  distance  of  a  few 
mm  from  the  centerline  of  the  spray  at  120  mm  axial  dis¬ 
tance  to  the  nozzle.  Near  this  point  the  PDA  results  fit 
closely  to  the  off-line  sieving  and  SYMPATEC  HELOS 
results.  For  comparison  the  PDA  results  were  transformed 
into  a  cumulative  volume  distribution  (fig.  14). 

Although  the  PDA  measurements  show  a  certain  un¬ 
derestimation  of  particles  smaller  than  50  pm,  it  could  be 
demonstrated  to  be  sensitive  enough  to  detect  variations  in 
the  relevant  operation  parameters,  i.e.  atomization  pressure, 
molten  metal  temperature  and  nozzle  diameter  (see  Domnick 
et  al.  1995).  The  underestimation  of  small  particles  results 
from  both  a  high  number  density  in  the  melt  droplet  stream 
and  a  considerable  amount  of  particles  recirculating  in  the 
outer  region  of  the  atomization  chamber.  A  typical  PDA 
measurement  obtained  at  the  representative  location  men¬ 
tioned  above  is  shown  in  figs.  15  &  16.  The  distributions  are 
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recorded  with  1500  validated  samples.  Velocities  up  to 
almost  250  m/s  could  be  measured  at  this  location. 
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Fig.  15  Size  histogram  of  the  copper  particles  during  CGA 
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Fig.  16:  Velocity  histogram  of  the  copper  particles  during 
CGA 

Radial  size  and  velocity  profiles  obtained  in  gas  at¬ 
omization  are  shown  in  figs.  17  &  18.  In  general,  the  mean 
diameters  decrease  with  increasing  radial  distance  as  ex¬ 
pected  from  a  coaxial  jet  type  of  atomizing  system.  This  is 
also  true  for  the  velocity  profiles,  exhibiting  a  reduction  of 
the  mean  velocity  and  an  increase  in  the  RMS  velocity 
towards  the  spray  edge. 
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Fig.  17:  Radial  distribution  of  the  mean  diameters  of  the 
copper  particles  during  CGA 

Although  the  real  mass  flow  rate  varied  during  the 
experiment,  the  integrated  mass  flow  rate  based  on  the  local 
PDA  mass  flux  measurements  (0.54  kg/min)  corresponds 
reasonably  with  the  true  mean  mass  flux  of  0.92  kg/min 
calculated  from  the  melt  consumption  over  the  total  experi¬ 
ment  time.  This  result  confirms  again  the  applicability  of 
phase-Doppler  anemometry  for  the  CGA  process. 
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Fig.  18.  Radial  velocity  profiles  of  the  copper  particles 
during  CGA 


6  MEASUREMENTS  IN  LIQUID  GAS  ATOMI¬ 
ZATION 

Measurements  during  LGA  were  performed  by  using 
the  modified  sign  of  phase  method  described  before.  In  figs. 
19  to  22  the  results  of  a  representative  atomization  test  is 
displayed  in  terms  of  powder  and  liquid  gas  sizes  and  ve¬ 
locities.  Again,  a  total  number  of  1500  validated  samples 
were  taken,  yielding  stable  mean  diameters  within  a  measur¬ 
ing  time  of  11  s.  This  measurement  duration  seems  to  be 
appropriate  for  the  future  realization  of  an  on-line  process 
control. 
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Fig.  1 9:  Size  histogram  of  the  liquid  gas  phase 
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Fig.  20:  Velocity  histogram  of  the  liquid  gas  phase 


Applying  the  intensity  validation  for  the  discrimina¬ 
tion  as  suggested,  a  small  cross  talk  between  the  powder  and 
the  liquid  gas  fraction  appears,  leading  to  a  few  erroneous 
measurements  in  the  upper  part  of  the  liquid  gas  droplet  size 
distribution  (fig.  19).  Since  the  measurements  have  to  con- 
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centrate  on  a  stable  estimation  of  the  copper  powder  mean 
diameter,  this  cross  talk  seems  to  be  acceptable. 
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Fig.  21 :  Size  histogram  of  the  copper  droplets  /  particles 
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Fig.  22:  Velocity  histogram  of  the  copper  droplets  /  par¬ 
ticles 


Fig.  23:  Relative  velocity  between  liquid  gas  and  copper 


powder  during  LGA 

Comparing  the  velocity  histograms  of  liquid  gas  (fig. 
20)  and  metal  powder  (fig.  22)  a  considerable  difference  in 
the  mean  velocities  of  liquid  gas  and  melt  can  be  detected. 
To  clarify  the  significance  of  this  effect,  several  atomization 
tests  at  similar  conditions  were  performed.  However,  fluc¬ 
tuations  of  the  process  conditions  cannot  be  fully  avoided, 
e.g.  a  melt  flow  rate  variation  of  3  +  1  kg/min  for  given 
outlet  diameters  of  2.3  -  3  mm.  In  addition,  the  void  fraction 
at  the  nozzle  of  the  usually  boiling  liquefied  gas  is  depend¬ 
ent  on  the  storage  conditions.  A  stable  temperature  during 
the  process  can  be  achieved  only  by  applying  a  pre  cooling 
of  the  whole  system.  The  influence  of  the  void  fraction  on 
the  exit  velocity  and  the  momentum  transfer  between  lique¬ 
fied  gas  and  melt  is  not  yet  fully  determined. 

The  atomization  experiments  in  figs.  23  and  24  are 
arranged  to  have  increasing  diameters  in  terms  of 


SYMPATEC  results.  Fig.  23  indicates,  that  increasing  di¬ 
ameter  correspondents  to  decreasing  relative  velocities. 

Fig.  24  also  depicts  a  systematic  difference  between 
the  D5o%  mean  diameter  measured  on-line  by  PDA  and  off¬ 
line  by  the  SYMPATEC  Fraunhofer  diffraction  instmment 
as  in  CGA.  The  mean  diameter  of  the  gained  powder 
(SYMPATEC  results)  differ  only  in  a  range  between  92  pm 
and  108  pm  due  to  the  described  condition  variations. 


Fig.  24:  Comparison  of  PDA  during  LGA  and 


SYMPATEC  off-line 


7  FUTURE  ON-LINE  PROCESS  CONTROL 
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Fig.  25  Arrangement  of  hardware  for  the  control  loop  in 
powder  production 
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For  the  realization  of  an  on-line  process  control  sev¬ 
eral  requirements  for  the  PDA  measurements  must  be  ful¬ 
filled: 

•  The  spatially  and  temporarily  resolved  results  of  the 
PDA  measurements  must  correspond  to  the  gained 
powder  quality  characterized  off-line. 

•  The  PDA  measurements  must  be  fast  enough  to 
enable  a  reasonable  response  time  of  the  on-line 
control  loop.  So  far,  1500  validated  samples  could 
be  collected  in  approx.  10  s. 

•  The  PDA  measurements  have  to  be  transformed  into 
a  characteristic  number,  i.e.  a  mean  diameter,  that 
can  be  transferred  to  a  control  software  executed  by 
the  master  PC  (see  fig.  25). 

As  shown  in  fig.  25,  the  control  loop  will  be  realized 
by  using  two  independent  PCs  connected  via  Thin  Ethernet. 
Both  computers  are  running  under  IBM  OS/2,  using  the 
features  of  the  IBM  Peer  utility.  This  operating  system 
allows  to  establish  a  background  connection  between  both 
computers  and  to  realize  a  true  multitasking  of  different 
programs  running  at  the  same  time. 

8  SUMMARY  AND  OUTLOOK 

It  could  be  shown,  that  the  PDA  technique  is  able  to 
deliver  reasonable  results  in  both  CGA  and  LGA.  While  a 
standard  PDA  system  can  be  applied  to  CGA,  LGA  requires 
the  distinction  between  liquid  gas  and  melt  droplets.  Here,  a 
modified  extended  phase-Doppler  system  based  on  a  com¬ 
mercial  instrument  was  successfully  adapted.  Discrimination 
between  the  two  particulate  phases  is  realized  by  using  the 
sign  of  the  phase  in  a  -180°  to  180°  phase  domain,  slightly 
modified  by  additionally  checking  the  intensity  of  the  indi¬ 
vidual  measurements.  While  during  CGA  a  certain  underes¬ 
timate  of  small  particles  is  obtained,  measurements  in  LGA 
yield  the  opposite  effect..  Nevertheless  variations  in  the 
operating  conditions  can  be  detected  on-line.  Thus,  phase- 
Doppler  as  weO  as  extended  phase-Doppler  anemometry 
seem  to  be  appropriate  methods  to  be  incorporated  in  a 
closed  loop  control. 

In  the  near  future,  it  is  planned  to  extend  the  data 
base  of  measurements  during  CGA  and  LGA  considerably. 
Therefor  the  reproducibility  of  PDA  and  EPDA  measure¬ 
ments  will  be  enhanced.  A  high  pressure  liquid  gas  pump 
will  be  applied  for  complementary  investigations  in  atomiz¬ 
ing  pressures  up  to  250  bar.  The  on-line  control  loop  as 
described  above  will  be  completed  and  tested  during  CGA 
first,  before  being  adapted  to  LGA.  Also,  the  PDA  meas¬ 
urements  will  be  used  as  inlet  conditions  for  numerical 
simulations  of  the  melt  atomization  process. 
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ABSTRACT 

Control  of  droplet  atomization  was  studied  by  using  air, 
nitrogen,  argon  and  carbon  dioxide  as  the  atomizing  gas  in  an 
‘air-assist’  spray  nozzle.  The  effect  of  these  gases  on  droplet 
size,  number  density,  and  velocity  was  investigated  in 
nonbuming  kerosene  fuel  sprays  using  a  two-dimensional 
phase  Doppler  interferometer.  The  reference  air-assisted  case 
represents  the  most  commonly  used  configuration.  Results 
were  obtained  under  conditions  of  constant  atomizing  gas 
mass  and  momentum  flux.  In  sprays  where  the  atomization 
gas  was  momentum  controlled,  droplets  had  similar  size, 
velocity,  and  number  density.  In  the  sprays  where  the 
atomization  gas  was  mass  controlled,  less  dense  gases,  such 
as  nitrogen,  more  effectively  atomized  the  fuel  in  comparison 
to  the  denser  gases.  Thus,  argon  and  carbon  dioxide 
produced  larger,  slower  moving  droplets  than  air  and  nitrogen 
assisted  cases  in  these  fuel  sprays.  The  results  indicate  that 
spray  characteristics  are  independent  of  atomizing  gas  density 
when  the  gas  momentum  is  held  constant. 


1.0  INTRODUCTION 

The  purpose  of  atomizing  liquids  is  to  break  the  liquid  into 
a  multitude  of  droplets.  It  is  often  desired  to  control  the 
atomization  process  in  order  to  produce  a  desired  size 
distribution  of  droplets  that  are  well  dispersed  spatially. 
Control  of  size  and  spatial  distributions  can  provide  several 
significant  advantages  in  a  variety  of  applications.  For 
example,  control  of  the  droplet  formation  process  is  critical  in 
combustion  applications  in  which  smaller,  well-dispersed 
droplet  sizes  lead  to  reduced  emissions,  and  in  material 
synthesis  processes  (spray  drying,  powder  atomization,  and 
thermal  spraying)  in  which  control  of  droplet  size  and 
velocity  can  lead  to  advanced  material  properties  and 
coatings. 

One  liquid  atomization  technique  commonly  used  in  the 
above-mentioned  application  is  air-assisted  atomization.  The 
advantage  of  this  technique  over  pressure-jet  atomization  (in 
which  the  liquid  is  supplied  at  elevated  pressures)  is  that  the 
atomizing  air  is  used  to  control  the  liquid  atomization  without 
altering  the  properties  of  the  liquid  stream.  Thus,  liquid 
atomization  is  controlled  by  the  interaction  of  the  air  with  the 
expelled  liquid.  Several  issues  arise  with  regard  to 
optimizing  this  interaction  which  are  1)  what  are  the 


advantages  and  disadvantages  of  using  different  gases  other 
than  air,  2)  what  are  the  effects  of  atomizing  gas  properties 
(e.g.,  density)  on  the  atomization  process,  and  3),  when 
comparing  different  gases,  on  what  basis  should  they  be 
compared? 

The  motivation  for  this  work  was  to  provide  a  basis  of 
comparison  for  spray  flame  characteristics  using  steam- 
assisted  atomization.  Since  steam  will  affect  the  atomization 
process  by  means  of  its  temperature  and  density,  the  current 
study  was  undertaken  to  isolate  the  density  effects  with 
different  nonreacting  gases.  This  study  thus  provides 
benchmark  data  and  system  operation  criteria  for  the  more 
complex  steam-assisted  experiments.  The  effect  of  Nj,  Ar 
and  CO2  on  the  atomization  characteristics  of  kerosene  was 
investigated  in  this  study  using  a  commercially  available  ‘air- 
assist’  atomizer.  Table  1  lists  the  densities  of  the  gases  used 
in  the  present  investigation.  It  was  of  interest  to  determine  if 
these  gases  influence  atomization  as  a  result  of  their  different 
densities.  Several  studies  have  been  carried  out  using  air- 
assisted  atomizers  (Presser,  et.  al.  1988,  Edwards,  et.  al. 
1990),  but  little  information  exists  on  the  advantages  of  using 
different  gases  other  than  air  to  influence  spray  and  spray 
flame  characteristics.  Studies  performed  by  Ingebo  (1989) 
explored  the  effects  of  atomizing  gas  density  on  droplet 
atomization  in  sonic  nozzles,  and  developed  correlations 
describing  the  effect  of  density  on  droplet  characteristics. 
However,  these  results  are  not  applicable  to  air-assist 
atomizers  because  of  the  subsonic  gas  velocities  within  the 
atomizer.  The  effect  of  different  atomizing  gases  in  reacting 
flows  where  the  atomizing  gas  participates  chemically  in  the 
combustion  process  was  recently  studied  by  Aftel,  et.  al. 
(1996). 

Table  1.  Density  of  Selected  Atomizing  Gases 


Gas  ((^138 

Density 

kPa,  300  K) 

(Kg/m’) 

Air 

1.58 

N2 

1.53 

Ar 

2.18 

0 

0 

2.41 
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2.0  EMPIRICAL  RELATIONSHIP  FOR  ESTERNAL 
MIXING  ATOMIZERS 

In  order  to  compare  one  gas  with  another,  it  was  important 
to  ensure  that  the  various  gases  were  metered  in  such  a  way 
that  the  droplets  formed  would  be  unaffected  by  gas  density. 
The  atomization  of  liquid  fuels  within  an  air-assist  atomizer 
occurs  due  to  the  interaction  of  the  fuel  and  atomizing  gas, 
and  thus  it  was  required  to  determine  the  controlling  factors 
of  this  interaction.  Earlier  studies  with  air-assist  atomizers 
were  essentially  limited  to  air  as  the  atomizing  fluid 
(Edwards,  et.  al.  1990,  Presser,  et.  al.,  1988)  Typically,  the 
mass  flow  rate  of  the  atomizing  gas  was  considered  the 
controlling  factor  affecting  the  atomization  process 
(Lefebvre,  1989).  For  any  atomizing  gas,  a  given  mass  flow 
rate  would  impart  a  unique  momentum  and  energy  to  the 
fluid  flow  rate.  Thus,  the  benefits  derived  from  controlled 
momentum  or  energy  remained  unknown.  A  more 
comprehensive  understanding  of  the  correlation  between 
atomizing  gas  flow  and  subsequent  quality  of  atomization 
would  therefore  assist  in  the  appropriate  selection  of  the 
atomizing  gas. 

Wigg  (1964)  provided  an  empirical  correlation  for  internal 
mixing  air-assist  nozzles  that  allowed  for  the  fact  that  mass 
flux  was  not  the  only  determining  factor  affecting  droplet 
size.  His  correlation  was  dependent  on  mass  flux, 
atomization  gas  density,  and  relative  velocity  between  the 
fuel  and  air.  The  equation  for  mass  median  diameter  was 
given  according  to: 


MMD  =  20of/wf 
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Assume  a  comparison  where  two  atomizing  gases  are  used 
where  gas  1  is  twice  as  dense  as  gas  2.  For  the  n7as«; 
controlled  case,  mj  =  m2,  and  thus  Eq.  3  can  be  simplified  to: 
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Mass  median  droplet  size  will  increase  by  62%  when  the 
mass  flow  rate  of  the  atomization  gas  is  held  constant.  In  the 
case  where  the  momentum  flux  of  the  atomization  gas  is  held 
constant,  droplet  median  sizes  are  predicted  in  Eq.  2  to  be 
nearly  equal  regardless  of  changes  in  atomizing  gas  density. 

Mass  median  droplet  size  was  estimated  for  the  gases 
studied  using  Eq.  2  for  atomization  gas  flows  metered 
according  to  mass,  momentum  and  energy  flux  rate 
(0.5pa(Ua)^).  The  results  given  in  Table  2  show  the 
importance  of  maintaining  constant  momentum  flux  between 
atomizing  gases  if  the  effects  of  gas  density  are  to  be  reduced. 

Although  the  Wigg  correlation  yields  a  relation  for  the 
mass  median  diameter,  and  not  the  Sauter  mean  diameter 
(SMD),  the  two  quantities  can  be  related  if  one  assumes  some 
probability  density  function.  For  example,  if  a  Rosin- 
Rammler  size  distribution  is  assumed,  one  can  derive  the 
following  relationship: 


Under  conditions  where  the  fuel  properties  and  flow  rates 
are  held  constant,  as  was  the  case  with  the  atomizing  nozzle 
used  in  this  investigation,  Eq.  1  simplifies  to: 
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This  expression  indicates  that  the  droplet  median  size 
produced  from  an  air-assist  atomizer  using  a  given  fuel  is 
dependent  on  both  the  fuel  and  atomizing  gas  mass  flow 
rates,  atomizing  gas  density,  and  relative  velocity  between  the 
atomizing  gas  and  fuel.  The  mass  flux  of  atomizing  gas  may 
be  expressed  as  PaU^,  and  the  momentum  flux  by  Pa(Ua)^. 
For  example,  if  the  density  of  the  atomizing  gas  is  doubled 
while  maintaining  the  mass  flux  constant,  the  flow  velocity  of 
the  atomization  gas  will  be  halved.  Furthermore,  we  assume 
further  that  Ua  »  Ur  (since  air-assisted  atomizers  are 
characterized  by  high  velocity,  low  capacity  atomizing  gas 
supplied  to  a  low  pressure,  low  velocity  fuel  stream  (Lefebvre 
(1989))).  Given  these  assumptions,  the  ratio  of  droplet  mass 
median  diameters  obtained  for  different  atomizing  gases  can 
be  expressed  as: 


MMD 

SMD 


(5) 


It  can  be  seen  that  the  mass  median  diameter  and  the 
Sauter  mean  diameter  have  a  fixed  relationship  given  an 
assumed  distribution,  where  q  is  a  parameter  describing  the 
width  of  the  droplet  size  distribution. 


Table  2.  Estimated  Mass  Median  Droplet  Diameter 
Relative  to  Air 


Gas 

Mass 

Momentum 

Energy 

Air 

1.000 

1.000 

1.000 

N2 

0.977 

0.999 

1.007 

Ar 

1.252 

1.008 

0.939 

CO2 

1.345 

1.011 

0.921 

The  ratios  relative  to  air  for  the  momentum  and  energy 
controlled  flows  were  determined  using  the  flowrates  used  in 
the  experiments,  which  are  given  in  the  experimental 
apparatus  section.  The  ratios  shown  in  Table  2  demonstrate 
the  effectiveness  of  using  momentum  flux  control  to  maintain 
similar  droplet  sizes  despite  significant  differences  in 
atomizing  gas  density.  Under  conditions  of  mass  flux 
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control,  predicted  droplet  size  varies  by  27%.  Under  energy 
flux  control  conditions,  the  variation  is  reduced  to  9%.  Under 
momentum  flux  conditions,  these  differences  are  almost 
independent  of  density,  with  a  1%  difference  in  median 
droplet  size. 

Analysis  of  Wigg’s  empirical  correlation  indicates  that 
droplet  diameter  formed  by  an  internal  mixing  air-assist 
atomizer  will  be  nearly  independent  of  atomizing  gas  density 
if  operated  under  constant  momentum  conditions.  The  Wigg 
correlation  is  applicable  to  sprays  operating  in  a  quiescent 
environment,  i.e.,  without  the  effects  of  external  turbulent  gas 
streams.  However,  realistically  this  is  an  unlikely  situation  in 
a  combustor.  It  is  therefore  desirable  to  determine  if  the 
aforementioned  findings  are  valid  under  actual  burner 
operating  conditions.  Of  particular  interest  is  the 
determination  of  the  impact  of  the  atomizing  gas  in  the  near 
region  of  a  burner  since  atomization  quality  will  influence 
flame  stability  and  emissions.  In  this  study,  a  swirl-stabilized 
combustor  was  operated  under  nonreacting  conditions. 
Swirling  combustor  air,  normally  used  to  ensure  flame 
stability,  shrouds  the  liquid  fuel  and  atomizing  gas  in  the 
region  immediately  downstream  of  the  air-assist  nozzle.  The 
focus  therefore  is  to  determine  to  what  extent  the  empirically 
derived  results  remain  valid  within  an  actual  combustor  flow 
field. 


3.0  EXPERIMENTAL  APPARATUS 

A  detailed  description  of  the  experimental  spray  burner 
facility  has  been  well  documented  in  other  studies,  and  will 
not  be  described  in  detail  here  (see,  for  example,  Presser,  et. 
al.  1988,  Presser,  et.  al.  1989).  The  experiments  discussed 
here  had  a  swirl  number  of  S  =  0.29  (swirl  vane  angle  of  32°). 
In  these  experiments,  kerosene  was  supplied  at  a  rate  of  4.1 
kg/h.  A  commercially  available  full-cone  air-assist  nozzle 
was  used  and  provided  a  full-cone  45°  spray.  The  atomizing 
gas  was  introduced  through  a  surrounding  annulus  and 
swirled  within  the  nozzle.  In  the  mass  flow  controlled  cases, 
the  mass  flow  rate  of  the  atomizing  gas  (air,  Nj,  Ar  or  COj) 
was  set  to  1.64  kg/h.  In  the  momentum  controlled  case,  the 
momentum  flux  was  set  to  7.86x10'^  kg/m-h^  at  the  flow 
meter.  Combustion  air  flow  in  all  cases  was  set  to  210  kg/h, 
which  is  over  two  orders  of  magnitude  greater  than  the 
atomizing  gas  flow.  This  provided  an  inlet  equivalence  ratio 
of  approximately  0.28.  In  these  experiments,  a  propane 
fueled  afterburner  placed  about  60  cm  downstream  of  the 
spray  nozzle,  was  used  to  bum  the  fuel  droplets  before  they 
entered  the  exhaust  duct. 

A  two-component  phase  Doppler  interferometer  (PDI) 
(Bachalo,  et.  al.,  1984)  was  used  to  determine  fuel  droplet 
size,  number  density  and  velocity,  in  the  nonbuming  sprays. 
The  data  rates  were  determined  as  discussed  in  Presser,  et.  al. 
(1994).  At  every  measurement  point,  10,000  validated 
samples  were  recorded.  Results  were  repeatable  within  a 
±5%  margin  for  mean  particle  size  and  axial  velocity. 
Information  on  droplet  size,  velocity  and  number  density 
were  measured  with  the  PDI  from  the  spray  centerline  to  the 
edge  of  the  spray,  in  increments  of  1.27  mm  at  an  axial 


position  (z)  of  10  mm  downstream  from  the  nozzle,  and 
increments  of  2.54  nun  at  z  =  15,  20,  25,  30,  35,  40,  50  and 
60  mm. 


4.0  RESULTS 

Experimental  results  are  presented  for  nonbuming  sprays 
while  maintaining  either  the  mass  or  momentum  flux  of  the 
atnmiritig  gas  Constant.  Air  was  considered  as  the  base  line 
case.  Since  Nj  has  a  density  similar  to  air,  only  one  case  was 
carried  out  for  Nj,  representing  both  the  mass  and  momentum 
controlled  cases.  Ar  and  CO2  had  different  densities  to  that  of 
air  and  thus  the  data  were  obtained  under  conditions  of  both 
constant  mass  and  momentum  flux. 

Results  at  z  =  10  and  50  mm  are  presented  and  describe 
the  salient  features  of  droplet  properties  in  different  regions 
of  the  spray  where  the  atomizing  gas  influences  the  spray 
features.  The  spray  features  described  are  the  size  and 
velocity  distributions,  as  well  as  mean  values  for  droplet  size, 
axial  velocity  and  number  density. 

4.1  Mass  Flow  Controlled  Sprays 

The  variation  of  droplet  Sauter  mean  diameter  with  radial 
position  is  presented  in  Fig.  1.  Frames  ‘A’  and  ‘B’  of  each 
figure  present  results  for  mass  flux  controlled  atomization, 
while  ‘C’  and  ‘D’  denote  momentum  flux  controlled 
atomization.  The  results  presented  in  Fig.  1  indicate  that 
droplet  mean  size  is  influenced  differently  for  mass  controlled 
and  momentum  controlled  cases.  For  the  case  where  the 
mass  flux  is  held  constant,  atomization  is  affected  by 
atomizing  gas  density.  The  influence  of  the  gas  density  on 
droplet  mean  size  is  most  significant  in  the  region  where  the 
atomizing  gas  is  the  dominant  gaseous  stream  relative  to  the 
surrounding  combustion  air.  In  this  region,  atomizing  gas 
interacts  with  the  liquid  fuel,  i.e.,  toward  the  spray  centerline 
and  at  axial  positions  near  the  nozzle  exit.  Two  regimes  are 
denoted  in  Fig.  lA,  namely  1)  0  <  r  <  12  mm  and  2)  r  >  12 
mm.  At  r  ~  12  mm  the  fuel  volumetric  flux  (results  not 
shown)  reaches  a  maximum  and  thus  is  indicative  of  the 
radial  position  where  most  of  the  fuel  mass  exists.  This 
position  is  referred  to  as  the  ‘spray  boundary’.  It  is 
interesting  to  note  that  the  peak  in  volumetric  flux  at  z  =  10 
mm  is  off-axis  although  the  nozzle  is  designed  to  form  a  full- 
cone  spray.  The  reason  is  attributed  to  the  fact  that  full-cone 
sprays  behave  as  hollow-cone  sprays  immediately 
downstream  of  the  nozzle  due  to  the  finite  diameter  of  the 
orifice  and  filming  of  the  fuel  over  the  orifice  surface.  The 
differences  between  full-  and  hollow-cone  sprays  occurs 
further  downstream  where  droplets  in  the  full-cone  spray 
disperse  rapidly  and  fill  in  the  central  region  of  the  spray 
more  quickly  than  for  a  hollow-cone  spray. 

At  the  spray  centerline  and  at  z  =  10  mm  (see  Fig.  lA), 
atomizing  air  produced  droplets  with  a  Sauter  mean  diameter 
of  25.5  |im,  while  N2  formed  an  SMD  of  20.6  pm.  Droplet 
mean  size  in  the  Ar  and  CO2  atomized  sprays  were 
considerably  larger  (29.2  and  30.0  pm,  respectively).  The 
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difference  in  size  between  the  smallest  and  largest  droplets  at 
this  location  was  9.4  pm.  It  was  observed  that  the  Ar  and 
CO2  atomized  sprays  had  a  considerably  wider  size 
distribution,  with  a  variance  (RMS)  on  the  order  of  9  pm,  as 
opposed  to  air  and  N2,  which  had  a  variance  of  7  pm. 
Although  the  droplet  mean  size  produced  by  the  air  atomized 
spray  on  centerline  at  z  =  10  mm  was  somewhat  larger  than 
expected,  the  results  elsewhere  for  r  <  12  mm  are  in  closer 
agreement  with  the  N2  spray.  The  similarity  in  SMD  between 
air  and  N2  was  expected  due  to  the  similarity  in  density.  Near 
the  spray  boundary,  at  z  =  10  mm  and  r  >  12  mm,  all  the 
gases  produced  similar  droplet  mean  sizes  (within  3  pm), 
demonstrating  the  overriding  influence  of  main  combustion 
air  in  the  outer  regions  of  the  spray. 


Axial  Position,  z  =  10  mm 

Mass  Flux  Controlled  Momentum  Flux  Controlled 


Radial  Distance  [mm] 


Axial  Position,  z  =  50  mm 


Figure  1.  Sauter  mean  droplet  size  [pm]  in  nonbuming 
sprays.  (A)  mass  flow  constant,  z  =  10  mm,  (B)  mass  flux 
constant,  z  =  50  mm,  (C)  momentum  flux  constant,  z  =  10 
mm,  (D)  momentum  flux  constant,  z  =  50  mm. 


Near  the  spray  centerline  at  z  =  50  mm  (see  Fig.  IB),  the 
mean  droplet  diameter  with  atomizing  air  was  18.7  pm,  Nj 
was  18.4  pm,  Ar  was  20.9  pm,  and  CO2  was  20.2  pm,  i.e.  a 
difference  of  2.5  pm.  Differences  between  the  sprays  are  also 
reduced  at  this  downstream  position,  as  the  effects  of  the 


surrounding  combustion  air  begins  to  provide  an  influence  on 
the  central  region  of  the  spray. 

Similar  differences  were  noted  for  the  axial  velocity 
results  for  mass  controlled  atomization  (see  Fig.  2).  Air  and 
N2  droplets  had  the  highest  velocities  on  the  spray  centerline 
at  z  =  10  mm  (19.1  and  18.9  m/s,  respectively),  followed  by 
Ar  (15.9  m/s)  and  CO2  (13.1  m/s).  These  differences  were 
still  found  further  downstream  at  z  =  50  mm  and  the  spray 
centerline,  with  air  and  N2  atomized  droplets  having  the 
largest  velocities  (11.4  and  10.2  m/s,  respectively),  followed 
by  Ar  (4.3  m/s)  and  CO2  (3.3  m/s).  At  larger  radial  or  axial 
distances  from  the  nozzle,  the  effect  of  the  suirounding 
combustion  air  on  droplet  velocity  becomes  more 
pronounced. 


Axial  Position,  z  =  10  mm 

Mass  Flux  Controlled  Momentum  Flux  Controlled 


Axial  Position,  z  =  50  mm 


Figure  2.  Axial  droplet  velocity  [m/s]  in  nonbuming  sprays. 
(A)  mass  flow  constant,  z  =  10  mm,  (B)  mass  flux  constant, 
z  =  50  mm,  (C)  momentum  flux  constant,  z  =  10  mm,  (D) 
momentum  flux  constant,  z  =  50  mm. 

The  droplet  number  density  for  the  mass  controlled  sprays 
is  shown  in  Fig.  3.  Since  droplets  may  not  be  validated  for  a 
variety  of  reasons  (Presser,  et  al.  1994,  Bachalo,  1986)  and 
thus  not  included  in  the  statistics,  droplet  number  densities 
can  be  lower  than  the  absolute  number  of  detected  droplets. 
The  bias  in  the  values  of  size  and  velocity  distributions  is 
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unknown  since  the  repeatability  of  the  measurement  is 
generally  within  +5%.  For  the  measurements  recorded  in  this 
study,  typical  validation  rates  were  on  the  order  of  70-80%. 
This  indicates  that  around  20-30%  of  the  droplets  entering  the 
probe  volume  are  ignored.  Therefore,  these  data  can  only  be 
taken  to  describe  qualitative  trends,  and  explains  why  results 
do  not  vary  according  to  atomizing  gas  density.  As  shown  in 
Fig.  3A,  Air  and  Nj  produce  the  highest  peak  number 
densities  on  the  spray  boundary  (8000/cm^),  followed  by  CO2 
(7000/cm^)  and  Ar  (6400/cm^).  The  results  indicate  that  the 
peak  values  are  found  at  an  off-axis  radial  position  as 
descried  earlier. 

At  z  =  50  nun,  the  number  density  is  reduced  as  a  result  of 
droplet  dispersion  {see  Fig.  3B).  At  this  axial  position,  fewer 
data  points  (5000/position)  were  recorded  due  to  reduced 
droplet  number  densities.  Since  the  validation  rates  were 
reduced  at  this  position,  the  resulting  data  had  more  scatter. 
CO2  and  Ar  atomized  sprays  have  higher  number  densities, 
followed  by  Nj  and  air.  Normally,  number  density  is 
correlated  with  mean  diameter  (i.e.,  as  SMD  increases, 
number  density  decreases),  however  this  feature  is  not  present 
in  this  case  (see  Figs.  IB  and  3B).  This  result  indicates  that 
the  droplets  produced  in  the  Nj  and  air  atomized  sprays  were 
more  dispersed  at  this  axial  location.  Ar  and  CO2  atomized 
sprays  are  less  dispersed  since  the  velocity  of  the  atomization 
gas  was  strongly  reduced  in  these  atomization  gas  mass  flow 
controlled  experiments.  The  shift  in  the  peak  values  to  the 
centerline  for  the  Ar  and  CO2  cases  also  indicates  that  the 
reduced  velocities  leads  to  the  full-cone  spray  features  earlier 
than  with  the  higher  velocity  air  and  N2  sprays. 


4.2  Momentum  Flux  Controlled  Sprays 

Momentum  flux  controlled  sprays  produced  smaller  size 
droplets  (see  Figs.  1C  and  ID)  traveling  at  higher  axial 
velocities  (Figs.  2C  and  2D)  droplets  as  compared  with  the 
mass  flux  controlled  sprays.  Recall  that  Wigg’s  correlation 
provided  the  same  trends  for  droplet  size.  As  in  the  mass 
flow  controlled  cases,  air  produced  the  largest  droplets  on  the 
spray  centerline  at  z  =  10  mm  (25.5  pm).  N2  produced 
droplets  with  a  mean  diameter  of  20.6  pm.  The  air  and  N2 
data  presented  are  identical  to  that  shown  in  the  mass 
controlled  section,  since  as  stated  previously  the  densities  of 
the  two  gases  were  close  enough  for  one  flow  condition  to 
satisfy  both  mass  and  momentum  control.  Air  and  N2  were 
followed  by  Ar  (22.7  pm),  and  COj  (24.6  pm),  resulting  in  a 
difference  of  4.0  pm  between  the  smallest  and  largest  droplets 
at  this  position  of  z  =  10  mm.  Denser  atomizing  gases 
continued  to  produce  larger  droplets  for  identical  momentum 
fluxes,  although  the  differences  were  strongly  reduced  in 
comparison  to  the  mass  controlled  case.  The  droplet 
distributions  were  more  similar  in  the  momentum  controlled 
cases  than  in  the  mass  controlled  cases,  with  typical 
distribution  widths  (RMS)  on  the  order  of  7  pm.  These 
results  suggest  the  implications  of  the  Wigg  correlation, 
namely,  droplet  mean  size  is  independent  of  atomizing  gas 
density  for  constant  momentum  control. 


Near  the  spray  boundary  (r  =  12  mm)  at  z  =  10  mm  there 
is  little  difference  in  droplet  diameter  between  the  momentum 
controlled  cases,  with  a  maximum  difference  of  only  2  pm 
between  the  smallest  and  largest  droplets  at  this  location.  At 
the  spray  edge,  the  differences  are  similarly  reduced.  Near 
the  spray  edge,  the  influence  of  the  turbulent,  swirling 
combustion  air  is  expected  to  be  significant,  and  this  widens 
the  size  distribution  of  the  droplets. 


Axial  Position,  z  =  10  mm 

Mass  Flux  Controlled  Momentum  Flux  Controlled 


Axial  Position,  z  =  50  mm 


Mass  Flux  Controlled  Momentum  Flux  Controlled 


Figure  3.  Droplet  number  density  [droplets/cm^]  in 
nonbuming  sprays.  (A)  mass  flow  constant,  z  =  10  mm, 
(B)  mass  flux  constant,  z  =  50  mm,  (C)  momentum  flux 
constant,  z  =  10  mm,  (D)  momentum  flux  constant,  z  =  50 
mm. 

Differences  in  droplet  mean  size  are  again  smaller  at  z  = 
50  mm,  with  the  momentum  controlled  gases  producing 
droplets  with  mean  sizes  within  2.1  pm  of  each  other  at  the 
centerline.  Towards  the  spray  edge  these  differences  are 
further  reduced.  However,  the  width  of  the  size  distribution 
increase,  as  previously  stated. 

In  the  momentum  flux  controlled  cases,  droplet  velocities 
at  z  =  10  and  z  =  50  mm  were  similar,  and  are  shown  in  Fig. 
2.  From  these  results,  it  is  apparent  that  nearly  identical 
droplet  velocities  can  be  produced  with  atomization  gases  of 
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differing  densities  by  ensuring  that  the  momentum  flux  of  the 
atomization  gases  are  held  to  a  constant  value. 

Droplet  number  density  for  the  nonbuming  momentum 
controlled  sprays  at  z  =  10  mm  is  presented  in  Fig.  3C. 
Compared  with  the  data  for  the  mass  controlled  case  shown  in 
Fig.  3A,  it  is  apparent  that  the  differences  in  number  density 
between  the  various  atomization  gases  are  reduced  in  the 
momentum  controlled  case  with  the  exception  of  the  Ar  case, 
which  is  anomalous.  At  z  =  50  mm,  Ar  and  CO2  atomized 
sprays  appear  to  have  better  dispersion,  with  lower  number 
densities  than  the  N2  atomized  spray.  This  is  in  contrast  to 
that  found  in  the  mass  controlled  cases  (compare  Fig.  3B  and 
3D). 

To  summarize,  droplet  mean  properties  are  nearly 
unaffected  by  changes  in  the  atomization  gas  density  as  long 
as  the  atomizing  gases  are  metered  according  to  the  momenta. 
This  result  can  be  of  great  significance  when  studying  the 
effects  of  various  atomizing  gases,  since  it  makes  it  possible 
to  isolate  the  effect  of  gas  density  on  the  atomization  process. 

4.3  Droplet  Size  Distributions 

Histograms  of  the  droplet  size  distributions  in  the  sprays 
are  shown  in  Figs.  4A  and  4B.  In  Fig.  4A,  droplet  size 
distributions  at  the  spray  centerline  and  z  =  10  mm  are  shown 
for  mass  flux  controlled  air,  nitrogen,  argon  and  carbon 
dioxide  respectively.  The  results  show  that  the  droplet  size 
distribution  is  affected  by  the  gas  density  for  the  mass 
controlled  case  which  in  turn  influences  the  mean  values.  For 
both  argon  and  carbon  dioxide,  the  size  distributions  shift 
toward  larger  droplets  and  fewer  smaller  droplets. 

The  droplet  total  velocity  distributions  in  the  mass  flux 
controlled  cases  at  z  =  10  mm  and  r  =  0  mm  are  shown  in  Fig. 
4B.  When  denser  atomizing  gases  are  used,  the  flow  velocity 
of  the  gas  is  reduced  in  order  to  maintain  a  constant  mass 
flux.  This  results  in  a  shift  of  the  distribution  to  lower 
velocities  for  Ar  and  CO2.  At  other  spatial  positions  where 
there  is  little  difference  in  the  mean  properties,  the  size  and 
velocity  distributions  also  show  little  variation.  Likewise,  in 
the  momentum  controlled  case,  the  size  and  velocity 
distributions  are  the  same  regardless  of  the  atomizing  gas. 


5.0  CONCLUSIONS 

Although  the  volumetric  flux  of  atomizing  gas  is  less  than 
1%  of  the  total  oxidizer  flow,  these  results  suggest  that  the 
atomizing  gas  plays  a  significant  role  in  droplet  formation 
and  transport  in  the  near  region  of  the  spray.  Due  to  its 
availability  in  regions  where  droplets  are  forming,  it  may 
enhance  mixing  with  the  fuel.  Also,  comparing  the  mass  and 
momentum  controlled  cases,  it  is  clear  that  in  the  momentum 
controlled  cases  droplet  atomization  is  significantly 
improved,  i.e.,  droplet  sizes  are  significantly  smaller,  axial 
velocities  are  higher,  and  number  densities  are  greater. 

The  spray  characteristics  were  found  to  be  dependent  on 
the  atomizing  gas  density  for  the  mass  controlled  atomization 
case.  This  result  was  supported  by  the  Wigg  correlation  for 


mass  median  diameter  as  well  as  experimentally.  Spray 
characteristics  were  found  to  be  essentially  independent  of 
atomizing  gas  density  in  the  momentum  controlled  case. 

NOMENCLATURE 

h  height  of  the  air  aimulus  within  the  atomizer 

m^  mass  flow  rate,  atomization  gas 

mL  mass  flow  rate,  fuel 

q  parameter  of  Rosin-Rammler  size  distribution 

SMD  Sauter  mean  diameter  (D32) 

MMD  mass  median  diameter  (D^  5) 

RMS  root  mean  square 

Ua  atomizing  gas  velocity 

Ur  relative  velocity  of  the  liquid  fuel  and  atomization 

gas. 

v  fuel  viscosity 

r  Gamma  function 

(T  surface  tension  of  the  fuel 

p  density 
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